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SUMMARY

This tnesis'reoorts capillary.viscometric measurements at shear
stresses up to 700 psi (4.8 x 107 dyn/cmz)'and reports the general
observation of'constant viscosit?'of the investigated_unblended lubri-
cants in the range of investigation. The thesis also reports the derel-
opment of a theory to-predict the naxinnm temperature and the ghear d
stress in eiastohydrodynamic liquid films; 'Sqlutions can be obtained
via dimensionless graphs_and contain most other'lubrication related
duantities; Enperimental'obServations are consistent with the theory.

The.purnose.of the work ‘is to develop a method to determine the
~ viscous oroperties of 1nbricant5'nnder'elastoh§drodynamic cperating g
conditions.in a laboratory experiment where the parameters Oi pressure,
temperature and shear stress can be independently variedf gThe use of a

short length capillary has been introduced in order to achieve high'shear'

stress. Reliable entrance and exit corrections for highly viscous-canil—'

lary-f10w appears to have been found The upper limit of shear stress
.attainable in capillary viscometry has been increased approximately 50
times over previously reported values of about 106 dyn/cm ( 14 5 psi)

The increased shear stress 1imit is only 3 -5 times less than the aver—-
age shear stress experienced by the fluid during passage of an elastohy—

_ drodynamic contact. A further increase in shear stress 1imit up to about.
1 4 x 108 dyn/cm (~2 kpsi) appears to be possible. ‘This higher predicted
level of shear stress is of the same order of magnitude as the average '

shear stress to_which ‘the fluid is:subjected during passage of an




xiv

elastchydrodyncmic contact.

The work hcs shown that unblended synthetic:hydrocarbcn oils and
a siliconc 0oil tested have constant viscosity as fuﬁction.of shear stress
in the inﬁectigated range; < ~70ﬁ psi shear scress;-whenlliﬁuid Eehavior 1
‘is displayed. fﬁe silicone fluid_éhows solidification at pressure above
50 kpsi and shear stress. above aboct 107 dyn/em, at 759F. The ﬁoiymer
blended mineral oil shows non-liquid behavior at low stress (above about
105 dyn/cmg, 1.4 psi). :

These observations of non-liquid beh;vior of_a silicone oil and a
polymer blended mineral oil may possibly provide pcrt of an undcrctanding
of the anomalous behavior of these types of lubricants with respect to
the ability to create an elastohydrodynamic film. Existing theory for
Predictiqﬁ'of'film ﬁhickcess assumes implicitly Iiéﬁid'ﬁehavior of the
lubcican;s. | | |

'Ho_discernible time dependent effects wére.obsefved.fof tﬁe
1iquid 1cﬁricahts. o

The thesis further deals with applicatidn.cf.the_fiscosicy mcas-
ucements_to dececmine liquid £film behavior in tﬁe high presscfe area of .
a point contact configuration. o a .

The purpose of this part of the work is to develop a general |
thepry ﬂhich will predict the-elastohydrodynamic quantitles of:iqterest,
pafticclcrly cﬁeaf stresc and maximum temperature,lundér cﬁysically;.
_reasonable assumptions. .. | | |

The theory has been developed" to a stagc where the shear stress

and the'maxlmum attainable temperature_each can-be dete:miued through a




- few graphical sﬁgps on a dimensionless diagram. -bﬁher rgiatéd-elastoef.
”hydrodynaﬁic'quaptities can be derived from the maximﬁﬁ";emperﬁture anq

the shear stress.




.CHAPTER I
INTRODUCTION -

Summary
. This thesis reports_capillary_yiscqmetric measurements at shear

7 dynfcmz) and feports the general

atresses upjto'?00 psi (4.8 x 10
obserﬁation af constant . viscosity of the unblended Iubricante_in_the -
range.of investigation. The thesis also reports ﬁhe-develoament of a
theory to prediet the maximum temperature aﬁa the shear stress in elasto-
hydrbdynaﬁic.liquid filmsg., Solutions can'Be obtained'via dimensionless'
graphs and contain most other lubrlcation related quantities.. Experi- )
mental observations are consistent with the theory. | |

The paipose of the work is to develop a method to determine the
viscous properties of lubricants, temperature pressure shear streas'via—
_eoaity relat;oas,_undef elastohydro&ynamie.Operatiﬁg.conditions.in a
Iaboratary:experiment_wﬁere the paraaetera of_pressure,etemperatdre-and
ahear-atress_caa Be 1ndépeaden;1y varied. Improveﬂ.caiibrafion.and'ﬁease e
urement-techniques have.been developed. Tﬁe ase Qf a aaort 1engeh.cap1i1ary
has'been iﬁtroduced.in order to achieve high shear stress. -Reliabie
entrance and exit corrections for highly viscous capillary flow appears
to have ‘been found. The upper limit of shear stress-attainable in capil-_
lary viscometry has been increased approx1mate1y 50 times over previoualy
.reported values (1) of about 106 dyn/cm (~14 5 psi) The increased

shear atreas limit is only 3 - 5 times less than-the:average'ahear streas




experienced by the fluid during.passage of an elastohydrodynamic con-
tact. A further increase in shear stress limit up to about 1.4 x 108
'dyn/cm ( 2kpsi)appears to bae. possible. This.higher'level of pre—.
dicted shear'stress is of the same order of msgnitude:as.the'average”
shear stress to which the fluid is subjected during passage of an |
elastohydrodynamic contact.

The work has shown that unblended synthetic hydrocarbon oils and.
a silicone oil tested have constant viscosity as function of shear
stress in the investigated range, < ~700 psi shear stress, when liquid
behavior is displayed. The silicone fluid shows solidification at
pressures above 50 kpsi and shear stress above about 107 dyn/cm s at
?S_Q_F. _The polymer_ blended mineral oil shows non—liquid behavior at lr..mr
_stress (above-about 10° dyn/cmz, 1.4.psi).-

These observations of non—liquid behavior of a silicone 011 and
a- polymer blended mineral cil may possibly provide part of an under-"
standing of the anomalous behavior of these types of 1ubricants with o
respect to. the ability to create an elastohydrodynamic film.: Existing
theory for prediction of film thickness assumes implicitly liquid behav—
-ior of the lubricants.

5 No discernible time dependent effects were observed for the
. 1iquid lubricants. | | | |
| The thesis further deals with application of the viscosity meas~-

urenents to determine liquid film behavior in the high pressure area of-
a point contact configuration. The particular lubrication situation in
‘question is'a sliding'ball surface loaded against a stationary flat

surface. - S : : ' o IR




The purpose of this part of the work is to develop ‘a general

theory which will predict the elastohydrodynamic quantities of inter—
| est, particularly shear stress and maximum temperatute, under phys-
1cally reasonable assumptions.. |

| The theory has been developed to a stage where prediction of the
shear_streas_and the maximum attainable temperature each can be made
.pointwise at an§ location in the high pressure area:of‘the{contact:
through.a few graphical steps on a dimensionless diagram;. Other related
elastohydrodynamic quantities'can be derived from the maximum tempera-
ture and the shear stress. The approach.has'been foliowed up with a
computer program which yields convenient print out of most relevant film
data. The elastohydrodynamic film of a synthetic paraffinic oil in a
point contact has been investigated with the new theory and compared with
traction measurements of the lubricant. Measurements at three velocities,l
13. 7 - 2? 4 - 54, 8 inch/sec were available for the comparison. The
'ratios of measured to calculated traction coefficients are of order of
magnitude.l-(.& -1~ 1.4 with an estimated accuracy of .1). The results
are obtainod sith viscosity data from extraoolated pressure'temperature
viscosity characteristics and assume liquid behavior of the lubricant in

the total range of elastohydrodynamic operational conditions.

 Previous Research - Literature Survey ‘=

The viscosity of a liquid lubricant is the'major material property
which determines its function in a 1ubrication_situation;,-Ihe'measuref
ment.oflthe viscosity of liquid lubricants is of great importance-from

an_engineering-point'ofsview'and has received muchiattention.




: The_ASﬁE Pressure Viscosity Report 1953 tZ) is the most exten-

siue experimental work on temperature pressure viscosity-relations

found in the_literature. Measurements reported therein'were performed

at uErp louﬁshear stresses, in a falling body viscometer; 'The report

shows pressure.temperature viscosity relations and pressure temperature
density relations for forty six lubricants. Both.mineral:oils anid synthetic'
lubricants.were-investigated. The density relations show isothermal |
density increases of the order of 10% when the.pressure'increaSes from

50 kpsi to 15O kpsi. All.investigated'lubricants show nearly exponen_
_ tially increasing viscosities as a function of pressure.

High shear stress investigations at low pressure have been car-
ried out with hoth capillary and Couette viscometers'hy several inves;
Itigators. Both of these measuring methods are sensitive to. heating
effects which complicate interpretation of results. |

| High shear stress or high pressure. capillary measurements of
lubricants have been performed by several investigators. Hersey and
Snyder 1932 (3) measured flow rate of greases and of castor oil as a.
function of pressure drop over a long capillary at temperatures of 20°C
and 2309. The maximum applied pressure drop was about 45 kpsi. The'_
riscosity therefore varies significantly along the length of.the.capilr
lary. An approach to compute the pressure v1scosity relation from meas—l
urements was shown. A correction to Poiseuille 5. equation was presented
which determined.the reduction in flow rate due to the increaSed vis—
cosity with pressure. .The measured pressure flow rate'data'shows a'dis—
tinct upper bound for the flow rate reached at pressure drop of 20 - 40

kpsi.. Thls is consistent with an assumption of an exponential.pressure




viScosity.relation. The yield point-of the greases was calculated to
be equivalent to a pressure drop of about .9 kpsi.in the.capillary.-.f
The:yield pressure is thus only a small fraction of the total applied
pressure drop;and the grease behaves nearly as a flnid'in most experf—
mental situations. The ratio of capillary length to diameter was about
4l70. The average- shear stress was therefore relatively 1ow of the
order of 2.5 psi. No.temperature effect due to dissipation was taken |
into account.; Hersev-and_Zimmer 1937 (4)Ireport'viscosity measure-
ments.on three mineral oils. The viscosities at.atmospheric pressure.
and l?OF-were_lSS cp and 378 cp. The range of the.ratio_of'capillary
length_to.diameter was 86 - 322, The-highest shear rate reported was
1;49.x 108 sec;: and the highest shear stress was 4 86 X 105 dyn/cm
_(about 7.psi) They measured reductions in apparent viscosity at the
high shear stresses. They derived an approxlmate expression for the-.

i reduction of the apparent viscosity under the assumption of adiabatic
conditions, heat conduction absent, and found smaller reduction of the d
-measurements than predicted. They found that the observed smaller “
reduction effect could be explained by the heat conduction of the Eluid
itself and concluded that the observed drop in’ v1scosity can be accoun-
ted for by heat effects without assuming any change 1n VlSCOSltY w1th
shear rate at constant temperature. An 1mportant conclusion from the -
Iconsideration of the adiabatic situation is that the flow curves can be'
'expected torbe of one general configuration.. Norton, et al., 1941 (5),
demonstrated.a method to.overcome the situation of_large_pressure-drop

over the capillary. They attempted the use of a throttling valve at the




exit;of the'loog capillary used earlier by Herseyfsnd'Zimmer, However
steady.cooditions_ooold not be obtained.. A new'short test capillary |
was therefore placed between the pressure source end'the long cgpiilafy.
"which then had the fonction only of maiotaining-a high.pressure-levellet
the exit of.the test capillary. The flow rate oould be changed By'the'
use of pariableﬁlengths'of the seoood, pressure. reducing, capiliary.

The pressure drop over - the test capillary was measured with two Bourdon
pressure gauges. Pressure drop from about 100 psi up. to more than 30
kpsi were applied. The flow curves show an apprec1ab1e aoount_of-devie—
tion from constent viscositp; No final cooclusiOn pas formulated.with-
| _respectdto the. behavior of the'inveStigated minerai 0il; a medium oil
(SAE 30) of 100 cp at atmospherlc pressure and 100°F. |

Philippoff 1942 (6) developed an approximate thermal theory for

theheating effects in capillary flow.- The conduction of the lubricant
‘was teken into-account in the equations. An exponential.pressure vise
cosity relation was used. A series expression in the variable r4 wes
used to obtain an approximate solution for the temperature distribution.
The:approach gives a more detailed description of_the-flow. The experi—
meotal 1ovestigations conducted'concurrently are cieimed to-oonfiro,toe1
toeory...Sheer stresses of about 5 x 107 dyo/cmé_eod-shesr' retes of' |
aboutIS_x:105iseoflt pss_reached; _ The:flow'curresdshooﬂ distinot in~
cressesflof;thefapparent shear rate when thé shear_stress is above 10° .
'dyo/cm which shows the heating effect. fhe'leogthsdof:tﬁe capillaries
were 12 to 50 mm The diameters were .5 to- .15 . .Driviog pressure was )

up to 100 atm, about 1400 psi. The'paper summarizeS'in'onegfigure some

of the high shesr stress_results known then. 'Devistionﬁfroo‘Coostant'.




viscosity is significant ounly above 10° dyn/cmz.' The maximum shear '
stress obtained in the summarized.works_is in the'range & x 109 to

2. The flow curves appear to be of the same general coné .

8 x 10° dyn/cm
figuration as predicted by Hersey and Zimmer, (4) -Fritz and Hennenhofer
1947 (7) performed experiments similar to Philippoff s investigation,
(6)¢ The measurements were corrected for viscosity variations due to the
Ipressure drop_over the capillary. An exponential pressure viscosity
‘relation was-used. The capillary dimensions weref. L = 12,264 cm;-

D - ;082§5 cm.giving L/D = 148, The three 1ubricants'investigated shoned
-decreasing apparent viscosity with increasing pressure drOp. The authors
compared their experimental results and the experimental results from the
investigations of Hersey and Snyder 1932 (3) and Philippoff 1942 (6) with--
‘the theory of Philippoff and with an.adiabatic situation. They fOund |
that the actual measurements did not confirm the theory of Philippoff

in fact most of Philippoff 8 experimental results tend to follow the
characteristic of the adiabatic situation. The investigation did not
reach a definite answer to -the question of a, possible existence of shear
thinning effects but concluded cautiously that the presence of such an
effect was highly unlikely in the shear stress range investigated
Schnurmann 1962 (8) investigated a series of lubricants, primarily..
'mineral oils, w1th a capillary which was very short compared to capillaryi
.lengths usedpin earlier works. The ratio of L/D can be estimated from
-a'sketch in the'paper.to be about 1. The diameter is about 10 2_cm,

4 x lb*a inCh. It is stated that the temperature increase is very small

and of the order;of ;QSOC at a shear rate of 10° sec l,:however; without_




5pecifying the corresponding viscosity., The reported.measurements show
constant.viecosity_of all investigated lubricants up to.a shear strees-.
of about 4'psif The measurements with.caetor oil were reported. The
pflow curve shows decreasing viscosity as a function of shear rate.
Unfortunately the reporting of data is incomplete. Volume floW‘ratee
and viscoeities are not reported. No conclusion.is drawn:with respect
to'the mechanism causing the drop in measured'viscosity of caetor.oil;_
Heat dissipation seems to contradict the olaim'of\very small temperatnre
increeses; 0.0500; and shear thinning effects seem to contradict the
" assumption that the castor oil is a Newtonian £luid, The.work
shows however. the feasibility of the use of capillariee with shorth
lengths in high shear stress viscometry. The work ehows.careful:cor-
rection for kinetic energy of the flow through the capillary. None'of
' the previously referred works appears to have commented on this important
detail. Gerrard and Philippoff 1963 (9) reported measurements on a _
_highly.refined petroleum oil of 11.51 Stoke, 10. 25 Poise, (770F) with
a series of capillaries with a range of L/D from about 60 to 230.
Gerrard Steidler and Appeldoorn 1964 (10), 1965 (11) conducted an exten-
sive investigation in the capillary flow situation both experimentally
and with computer golutions. The work .is referred to in Chapter III of
thie thesisel_ |
- A neﬁ'type-high pressure high shear strees capillarj riecometer

was:developed”and used:to investigate presanre‘temperature ehear stress’
relations for a series of mineral oils; polymer blended mineral oileuand

some synthetic 1ubricants and reported by Novak 1968 (1) Novak aud

Winer 1968 (12), 1968 (13) and Winer 1972 (14).. The paremeters of




interest,Ipressure,temperature,and shear stress, can be independently'i
varied.r.The viscometer is described'in detail in ChapterJII. Its pri?-'
mary components are a pressure intensifier (50x) and a traversing piston
containing the high pressurized test fluid in two separate chambers,

' cylinders with the pistons solidly fixed to the frame. The capillary
.which is-immerSed;in a constant temperature-bath connects the teo high
pressure volumes in the traversing piston. The maximum shear stress
reported, Novak (l), is 1.04 x 106 dyn/cm . 15 1 psi, obtained at a.
pressure drop of about 700 psi over: the capillary. The capillary has-a-
ratio3of”1ength to diameter of 11.6. Paraffinic and.napthenic base_oil
with 4% and 8% polyalkylmethacrylate as well as unblended'synthetic_'u
'lubricants-were investigated. Polymer blended mineral oils'are used
.extensively in many engineering fields and particularly in the automotive
industry, therefore these lubricants are of great importance. The -
measurements showed pressure temperature relations all of the same gen-
eral characteristics as reported in the pressure viscosity report ASME
.1952 . The flow_curves showed constant viscosity for all unblended
'lubricants, the-base oils and the. synthetic lubricants. The polymer
blended lubricants showed shear thinning effects above a shear stress of
about 10 dyn/cm A second constant viscosity 1eve1 was found for’ all
polymer blended oils, at shear stresses above about 105 dyn/cm . This
constant viscosity at high shear stress is often referred to as a second
Nestonian Viscosity. This second Newtonian viscosity 1eve1_is higher'than
the viscosity:of'the base oils even fordthe'mixtures.with.the lowest con—
centration of polymer. The investigated range’ of shear'stress of the

second Newtonian viscosity level is from 105 to 106 dyn/cm 1n which the
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viscosity aﬁpeared to be constant. The ratio of the viscosity at the
first Newtonian level, the very low shear stress situation, and the
second Newtonian'viscosity level 1s less than 2. Significant dissipa-
tion_heating was not encountered.  The napthenic base oil'which has |,
the greatest temperature viscosity coefficient ghows a'slight'deviaf--
tion fromfeonstant visCOSity of the flow curve at shear stresses of

about_S.G'x 105

dyn/cmg. However only two data points are available at
that shear_stress level. Measurements of the paraffinic ‘base 011
‘under comparison do not extend higher tham 5.26 x 105'dyn/cm at which

shear stress level even the more temperature viscosity sensitive nap-

thenic base oil shows no signifieant deviation from a constant viscosity :
lenel'flow cnrve. The two base oils can therefore hardly be compared.
The shear stress level where heating effects are discernible'in the.new _
-type high_nressure viscometer is-about five times higher than the shear .
stress level where heating effects could be deteeted as reported in :
earlier”worhs and sumnarized by Philippoff 1942 (Gj l It was argued

by Novak 1968 (1), that the short time duration required to obtain data

- was significant in an explanation of the increase of 5 times of the
heating.limit. While this statement probably can be maintained it seems_'
more 1ike1§.that the explanation is to be foundhin the use of a capil-
.lary w1th a con31derably smaller ratio of length to diameter than used
in previous works. It can be shown that more of the heat generated by
visoous dissipation is contained in the efflux from the capillary when'
the L/D ratio is diminished. The cooling.effest from the walls.of';he
capillary decreases therefore with shorter capillaries. This will tend

to give greater deviation from a constant viscosity-characteristio.
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However the gain in increased.shear stress per'nnitfpreSSUre.drop over.
.the capillary more than compensates for the slight loss in cooling..
.Scﬁnurmann-'1962 :(8); might have encountered this effectq. The pres—
ent thesis uses tne erfect. | | | |
In a summary it can be stated that the maximnmoshear'stress was
approximatelyl105-dyn/cmz for the earlier works increasing to 106
dyn!cm2 with the more recent group'of'morks, Novak and Winer.. Heating
effects”were encountered in most of the works. Shear chinning'effects
were found only in pOlymer blended oils. | o
Theoretical_worksvof Bondi 1946 (15) and Smith 1968 (16).have
predicted nonlinear behavior'of lubricants under entreme stress. Both
works are essentially based on the molecular behavior of the liquids.
Bondi Einds a viscosity drop to about .6 times the low shear viscosity
at shear.stresses of-_lO6 dyn/cm for a liquid_with'molecular meight of

600. Smith predicts large rates of viscosity dec:ease with increase of

shear rate. The shear rate where viscosity changes.can be observed is.

highly temperature sensitive. These analyses haveinot been confirmed'

experimentally in attained shear stress shear rate'ranges'in'fact'some5

has been shown not to he correct.

The discovery of the elastohydrodynamic 1ubrication between non—'

conforming machine element surfaces by Grubin and Vinogradova, 1949 (17)

'and the advancement of the analysis, notably Dovson and Higginson 1959
_(18), 1960 (19), Dowson,Higginson and Whitaker 1962 (20), Cheng and
'Sternlicht 1965 (21), Dowson and Whitaker 1965*66 (22) and Cheng 1965

(23), 1967 (24) have created interest and need for-investigations of

lubricant Behavior under the extreme conditions the liquid is subjected
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to during passage of“an elastohydrodynamicIcontact° 'presSures of 100
 to 300 kpsi, temperatures 100 - 400°F, maximum shear stresses of 1000 -

3000 psi, viscosity increases with a factor of 105, resident times

103 - 10% usec_implying pressure gradients typically 107_psi/inch or time'

rate of pressure changes of the otder of 103 psi/sec. 'In the extensive.

_amount of experimental'and theoretical work that has been carried out many

viscosity functions have been applied: the Newtonian n(p,T) relation,'
shear thinning-relations. ﬁ(pgT,T), Rhe—Eyring hyperbolic'sin law fluids,
T -__f(sinh“‘1 (¥)), power law models 1 = -k, |i“|_and uiscoelastic models,
to mention some of tbe*relations used to attempt tolekplain-measurements
or to advance theoretical analyses. The elastohydrodynamic contact
itself has been used as a viscometer in sliding, rolling or squeezee.-
film arrangements. Many measuremerits of total traction,_temperature_andd

pressure distributions have been carried out, for'the main“part in Cylin—'

drical contacts. It ‘may have been implicitly assumed that it was impos- _

sible to reproduce the elastohydrodynamic conditions in a controlled
laboratory experiment cutside the-elastohydrodynamic contact itself, a B
_point of uiew which has even been published. Evaluation ofrdata.from .
elastohydrodynamic contacts is difficult particularly when the data are
used for evaluation of viscOSity relations using the bearing surfaces as
a plane parallel viscometer. The main difficulty with the use of an

' elastohydrodynamic contact as v1scometer seems to'be that the parameterse*
of primary interest pressure, temperature and shear stress cannot be -

varied independently of each other

Some success has been achieved with vibrating crystal viscometers. '

The technique of measurement with a torsionally vibrating crystal was
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described in“detail by ﬁason 1947 (25); The oscillator was a. tube -
fermed crystal.with plated electrodes near the ends;”.Three wires'in”the.
nodal plane, the middle'plane perpendicular to the tube axis,_give
mechanical support and'electric contacta The. instrumgnt constants which

essentially are electric resistance and mechanical eigenfrequency can

' be calculated and are checked by measurements w1th.the crystal in vacuum

.and with the crystal 1oaded with a known fiuid. The viscosity of a

series of test fluids (n, in the range 2 cp up to 660 cp) -wag measured

with both continuous flow methods and with the vibrating crystal method. X

The results showed_good consistency (per cent error_+ 7.8 to ~11.0) of
the cwo'methdds. Polymerized castor oll showed shear'elasticity as -

well as shear'niscosity. The data gave a viscositf of 18 poise,_con+ :

" sistent with the value measured by continuous flow methods, and a modu—

.lus of elasticity in shearing of 1.26 x 107 dyn/cm . 0 Neil 1949 (26),

described a_vibrating crystal arrangement where a plane-shear_wave iS'.
refleeted-under an.oblique incidence from a:plane_interface between.the.
crystal and.the.fluid under investigation.- Relatibns between material
constants and the. reflection coefficient, reflection loss and phese shift
were derived. Barlow and Lamb et al. (2?), (28), (29), (30), have'

published extensive investlgatlons on v1scoelastic behevior of lubricants

__measured with the methods of cyclic. shearing stress. A recent paper'

1972_(31) reports the relationship between the modulus of shear elasti—_-.

city-and pressure for two test fluids. Pressures up to 200 kpsi was .

: investigated.'-The shear modulus was found to-increase with'pressure.: A

maximum value of about 6 x 105 psi (4 x 1010 dyn/cmz) was found for one

of the test. Eluids at 200 kpsi. Appeldoorn, Okrent and Philippoff 1962
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(32) used the torsiénéily-iibrating crystal viscﬁméter_in investiga—';
tions of'straight_mineral oils under pressgfe up'to-ls'kpai. The |
lubricants showed shear independent viscosity up to a maximum value of
calculated shear stress of abéut 150 psi (10? dynkémz).'.Thé Shea; |
stress_ig calculated under the'assumpfion that the angular fréquenc}
,is.éqﬁivaleﬁ# wi;h;thé_shear raté in steady'sheqr._ Appliéd-frequen— :.
cles were 20 kHz and 60 kHz. . |

| _Rotafiqnal viscometers of cone and plate type'or of cylindricﬁl
type seem not to have Been'used in hiéh Pfessurelhigh';héar stress vis—

cometry until very recentlj'(33).
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CHAPTER 1T

'HIGH SHEAR STRESS BEHAVIOR OF SOME LUBRICANTS

Introduction

.Inveetrgntions.have'been carried out in the_hign preSSure
viscometer'rn_determine lubricant beharinr at nigh ehear streeé. The
operating-tenperetures, pressures and shear stresses for a lubriCantf':
1n.an elastnhydrodynamic contact can pe apprbached-in the viscometer.
Furthermpre, all these operational perameters'een be varied innepen-.
dentli of.each other.

' Five lubricants were investigated: .a diester,.a pdlyalkyi.aro-
matic plus'edditive (Dﬁ 600 plus Additive); a_syntheric.pareffinic oil
(XRH.177'F455 a-eilieone oil (Dimerhyi Siloxane ﬁ¢4200*5¢)'and a:minf,
ture (B3J) of peraffinic, mineral oilinirh'llrsz-polyalkglmethncrylete
(PL-4523) with an arerage molecular.weiéht-of: 2 x:106r_ A detailed
description of each fluid is found in Appendix A. . | |

Apparent Newtonian behavior has been found for all fluids except o

_B3J (the polymer blend) up to a shear stress of approximately 700 psi

( 4.8 x 107 dyn/cmz), which is the present upper limit of shear stress

for the high pressure viscometer. Viseous dissipation heating-alone'seemsp
to domina:g-up.ro rhe_maximum etress.in cansing‘an.epperentpsnegr-tniﬁ_.
ning effect;__The data for the mixture (BSJ}of.perafrinic'mineral_oil_

ane 11.5% polyner.(PL 4523) show a.signiricent emnunt nf scatter when

rhe:apparenr-viscqsity is plotte& againSt ealcularedjeapillary'ﬁnll:shearli
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lstreSs. .The:scstter of the deta.is pronounced atqsheer'stresses'epoue.
1- 2:psi (~10° dynfcmz) naking interpretatlcn.difficult in terms.of'p
1icuid behevior'alone. : | | |

Distinct'non—liquid-behavior was bbserved st.extrene pressures_
and temperatures for the lubricant DN 600 plus A&ditive; Similar behav—
: ior was observed for ‘the siloxane but ‘at high Shear'Stresses,'150¥600?

psi (1 - 4 x 107 dyn/cmz).

Modifications of the Hign Pressure Viscometer

The measurements were carried.out in a high-pressure visccmeter..
The design end operation of the viscc_nneter is deéscribed in .dje:t,ail in:
'(l)ISnd'(IZ);r'The pressure level p3 of.the teSt:sectlcn_and-the'uolumes
Rl and R2lis'ccntrolled by the pressure of the cylindrical volume I; |
_Figure 1‘_ An'ereasretio of fifty-to-one between the pistons of vclume
1 and volume RI allows the use of low operational pressures of the pres—.
surizing'HYdreulic system for cylinder 1} ‘The maninum.pressure is 3
kpsi which gives a naxinum pressure of 150 kpsl in thervolume:for the
testffluid. The pressure level p3 1s recorded with the pressure trans-
ducerlTR3. Displacement of the translating piston generates flcw thrOugh
.the capillary in the test section. Displacement is achieved hydraulically'
with low pressure oil supplied to the volumes III or IV -The volume
flow rate thrcugh the capillary was previously determlned by the meas—.
urements cf time'andrdisplacemeut. The volume flow rate 13 now measured
with a velocity transducer. The pressure drop over the capillary is.

meesured with the pressure transducers TRL and TR2

The viscometer has been modified and the opErational procedures
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have been changed. An arnalog-to-digital converter'and a multichannel
tape.recorder have been added to the_eouipnent. The transducer signals
are recorded_on nagnetic tape. The raw data are processed with the aid
of a computer program. | |
Figure;l shows a schematic of the viscometer including_sOme of
the most recent modifications. The displacement transducer, which was
used for flov-rate measurement, has been replaced with'a velocity trans-
ducer, Hewlett—Packard LSVI, and a high gain amplifier. The change was

motivated by the addition of the analog—to-digital data recorder, which

_made a direct signal preferable to a differentiated signal. Interest

in the possibility of measurements of transient phenomena also moti— :

vated the change. Two high precision pressure-gauges (Heise Bourdon

-Tube Co., 40 kpsi and 100 kpsi) have been added in order to improve

accuracy of the ca11bration procedure. An 1nfin1te1y variable drive
has been provided for displacing the translating piston (Figure 1) at
constant velocities. The_piston is moved hydraulically as before by
charging'volume III or IV with a low pressure fluid. The flow rate of
this fluid is, however, kept constant by direct coupling of the drive
unit to the:piston of the charging punp. The drive unit gives good |

reproducibility of the measurements. The displaCement of the-pump pis-

lton is, however, not big enough to obtain a satisfactory flow rate for

measurements at the highest attainable shear stresses. Manual drive-

f(hand pull) is therefore used for these measurements. Satisfactory

reproducibility can: be obtained for these higher speed displacements

of the translating piston of the viscometer.

Capillaries vith a low L/D ratio have been used. The smallest
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ratio applied has been.L/D = ,1 (L = 0,001 inch énd b =';Oi iﬁch) this
ratiﬁ, however, was.used only for exploratory pufpdsesf. The cofrectiop'
was found to be excessive for the L/D ratio of .1l. -Measufeﬁents we£e:
therefore nﬁt'cérried out with this éapillary; " The lowest ratio.uée& )
so_fa:.is LZD = 1.35 and.the smallest &1ameter used is .0035 inch.

The méaéurémenté.were carried out with capillaries of L/I}_.= 29?,
L/D = 14.9_aﬁd:L/D = 1.35. Corrections for kinetic energy were incor=
porated as'desctibed in detail inf(l),'Nbvak, 1965;_ L |

4

Table 1. <Capillary Dimensions and Haterials

L/D D Inch L Inch

Stainless Ste?l'Capillafy No. & | 297 ' .01009 2,996
‘Stainless Steel Capillary No. 1 149 .00785 117
Sapphire ' Capillary No. 0 $1.35 0035 ;0047

Calibration Procedures

The viscosity measurements are carried out essentially as measure=

meﬁts of §ressgte drop ﬁ#d flow rate in the Qapilléry. Shear streég'is
derived from the pressure drop meaéuréd'wifh the differential preSBQré
_ transducers TR1 and TR2 (Figufe 1}. Shear rate is deégrmined from meaé_
qrements.df flow rate indicated by the veioéity £ransdﬁcer TR&.“ Pres—.

sure transducer TR3 measures the pressure level,

The_Différential.Pressure;TransduCers

The differential pressure transducer cpﬁsists essentially of a
_strain.gauge Wheatstone.ﬁridgé which is acCeﬁtuatéd by a diaphragm. The

'tranSduCers:have-been_caLibrated with an approach involving summation .
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of small increments of pressure in the test section.of the viscometer;
Pressure readings from'the Heise precision gauges'are recorded simula.'
taneously with the amplifier outputs from leland'TRZ}._Only one trans-
ducer is calibrated at a time. The pressure_increments are'applied-- |
uith a pressurizing hand pump with a small piston'diameter and'con— .

" trolled through measurements of the transducer-smplifier output. .Theh
_output is measured with a DC-Differential Voltmeter (Hewlett-Packard
34203) which has a precision of 10 uvolts. ‘The voltmeter is used as. a
null meter. The steps are accurately controlled and measured to 6. 0
volts, from an output of -3.0 volts to +3.0 volts from the symmetric
transducer amplif:l.er. The estimated accuracy of the setting of a pres—
sure increment'is equivalent to .02 volt. The precision range (10 uv)
of.the.ditferential voltmeter is, therefore, completely'sufficient.-

The amplifier?output-is changed from +3.0 volts.to -3.0 volts -

after each pressure measurement.by balancing the input'potentiometers of

the amplifier, (l) This change is a preparation for the.next pressure
increase. The accuracy of the change in potentiometer setting is esti- -
mated to be .01 volt. Total estimated accuracy of a measurement of a
preasure increment is therefore .03 volt, on a deflection of 6. 0 volts,
which is equivalent.to .5%. This error estimate is also valid for the
voltage sun of the steps. Each increment of 6 0 volts 1s equivalent to
approximately 440 psi for 6 volts excitation of the transducers. The_
accuracy of- the high pressure gauges is better than .1z of full scale _
deflection (40 psi or 100 psi) ‘This 1s about lOX to 25% of a single
pressure increment.' This high inaccuracy will however, diminish

'rapidly with increasing numbers of steps. The gauge accuracy of 1% of
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full scale defiection is constant. A typical calibration of a trans*
ducer;amplifier_involves nearly 100 pressure increments. The:pressure

_ gauge errorlwill, therefore, typically be of'the order of 1% - 2%, The
estimated accuracy of .5% for the voltage sum and.the pressure_gauge_ |
accuracy of .1%*- .2% may safely imply that the calibration procedure

is: correct within considerably less than 1% of the full range of cali-
bration.

It is essential for the accuracy of the calibration procedure that.
the system pressure remains constant during the change of potentiometer :
setting of amplifier output from +3. 0 volts to —3 0 volts. The con-
stancy of system pressure is assured by steady state conditions. These'
_are obtained when temperature transients, possible relaxation of seals,
etc., have faded away after each pressure 1ncrement. The change of
potentiometer setting can be carried out in about 10 seconds. The con-
‘stancy of system pressure during this period can be verified and measured
with the transducer—amplifier, which is not undergoing calibration.
Changes as small as 30 millivolts (~2.0 psi) can be detected with this
channel when it is used as null indicator. System pressure constancy is
assumed to be achieved when no pressure variation is detected for a per—
: iod of about 100 seconds. | | |

The exitation voltage for the transducers was measured continuouslv
during the calibration procedure. Changesvin the voltage were, however,
insignificant and about .1 millivolts. The average'value.wasiapplied'in
-calculations. Standard excitation voltage 1evel is 6 volts. Some-hiéh
 ghear. stress measurements, however, were carried out with 1. 5 volt exci-

tation. -The transducer sensitivity is directly proportional_to the
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fexcitation'voltage. Measurement accuracy is, therefore, not impaired
by ¢changes in excitation voltage. A series of comntrol measurements
confirned this assumption.

_Table'ZQshOWs a typical set of pressure gauge readings from a
transducer calibration and Figure 2 shows the characteristic of:a trans;
ducer-amplifier combination. The slope of the characteristic of Fig-
ure 2 is incOrporated in the computer program which is used'to process
the raw.data;._lt was found.that the eharacteristic;could'be superseded
satisfactorily with a continuous curve conSisting,of_straight line ;
segments for pressure levels above 8 kpsi.

Amplifier linearity is demonstrated in Figure 3, which ‘shows
amplifier output in terms of. galvanometer deflection on a Honeywell Visi—
corder 90éc recorder as function of micro-volt level input. The ampli—
fiers 1 and 2 are the same type amplifiers and are. assumed to have the
same general properties. Amplifier 2 ia, therefore, chosen to demon—
gtrate the'linearity. rThe graph shows deflection'to_only one side, but:
the amplifier'is"assumed to be synmetric. 'The-graph includes a possihle
minor recorder nonlinearity (~2% of the deflection) and possible errors
in the graphical procedure of measuring the deflection from the recording
paper. Figure 4 shows a linearity check of output from 5 0 volts to |
saturation.' It can be concluded from Figure 3 and Figure 4 that the
amplifier linearity is satisfactory. .

Table 3 shows some results of two calihrations:ofrthe.differential
pressure channels.: The viscometer had been 1nfuse hetween the.times.of |
-celihrations. However, the consistency of the numbers indicates the degree

of reproducibility of the calibration. The total iuaecuracy of the
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Typical Calibration of Transducer TRL.

Each- pressure. increment is equal to 6 00 £ .015 Volt amplifier cutput.
Pressure. readings (units kpsi) from a HEISE 40 kpsi precision gauge..-

Excitation Voltege

0.0 : 8 44 15.24 21,80 - 28.40 34.94
1.06 8.92 15.68 22.26 28.84: 35.38
1.78 9,38 16.11 22.70 29,26 35.82
2.38 - 9.85 16.54 23.14 29.68 36.26
3.00 10.28 - 16.98 -23.58 30.12 36.68 .
3.54 10.74 17.42 24.02 30.56 . 7.1z -
4,08 11.18 17.86 ‘24,44 31.00 37.56
4.60 . 11.62 18.30 . 24,88 31.44 - -37.98"
5.10 12.06 18.74 T 25.32 31.88 - 38.42
5.60 ~12.52 19.18 25.74 32.32 - 38.86
6.08 12.98 19.60 . 26,18 32.76 39.30
6.56 13.44 20.02 26.62 - 33,20 39.76
7.05 13.89 20.48 . 27.08 33.62 '

7.52 S 14,34 20.92 27.50 34,06

7.98 14.78 21.38 27.96 34.48

Remark to Table 2

At pressure Time

Nov. 27, 1972

(kpei)"

0.0 6.05480 . 16336
7.05 6.05504 - 17:15-
19.18 6.05522 18:16 -

19334

0 39.76

6.05536

Average excitetion voltage 6.05508 Volt. 86 pressure increments of o

6 Volts = 516 Volts.
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The characteristic is essentially a straight line from 14 kpsi to 40
kpsi. A pressure difference of 26.32 kpsi correSponds to 360 Volts.

The slope of the characteristic is therefore:

13.678 mV/psi re 6.05508 Volts

or

13.55 mV/psi re 6.0 .  Volts
Slopes at - 10 kpsi 5 kpsi
13,05 mV/psi 11.72 wV/psi
re 6.0 Volts
Table 3. Some Results from Calibrations of
Transducer TRl + Amplifier 1 and
Trangducer TR2 + Amplifier 2.
Time of calibration | June 1972 November 1972

Transducer TR1 + amplifier 1

(14 kpsi, 40 kpsi) '13.55 mV/psi -
- Transducer TR2 + amplifier 2 : . .
(14 kpsi, 30 kpsi) 13,3 mV/psi

(30 kpsi, 40 kpsi) ~ 13.64 mV/psi

13.55 mv/psiﬁ

'13.37 mV/psi

13.64 mV/psi




Excitation: 6.06508 Volt
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Slope at 10 kpsi:  13.05 V/kpsi

Slapeat Skpsi: 11,72 Vipsi

re 6.0 Vot Excitation.

a00
voLt
N
200
100 |-
l/.
ol
.

10

. Figure 2.

_Characteristics:of.T
Amplifier 1.

ranédﬁtér TR1 and

b1 )
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Figure 2._ (Cdntiﬁued) '
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. ‘o © 0 O .
inch deflection (RH} -
‘of galvanometer
A5
Maximus Slope 3000 in/V
'Ilil"ﬂun'ﬂwe_' - T000in/V
Accurdcy: +1.25%
0
0 o 100 - 200 . aVolt

 Figure 3. Characteristic of Amplifier 2 and Re{;brdéi:_. X
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Amplifier
Owtput
voLT
Lineseity lmit 5.7 Volt ovtput |
S Sewieg (L),
. A5 % Uinessity

" Inputpotantiomstes

Figure 4. Linearity Check of a Symmetric Amplifiér, No., 1, for No. 1
o Pressure Transducer, TRl. (The transducer is subjected to a
constant pressure (atm). Output is generated by changes of
“the. input balance of the amplifier. Only output above 5 volt
is showm.} : : '
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numbers is assumed to be less than 1%. The calibration-procedure:can be

interrupted as well as initiated at any desired_pressurellevel;

The Pressure Level Transducer

The pressure level transducer (TRB;.Figure=1)_was calibrated bj-

recording transducer output and pressure readings from the high precision

gaugds. An interval of 5 kpsi was used. The transducer characteristic

was linear above 5 kpsi within calibration accuracy.

" The Velocity Transducer

The velocity transducer-measures linear, straight line uelocity.
It consists ot a shielded coil and an axially located, cylindrical core.
The core is a high coercitive force permanent magnet ., Motion of the core
generates a voltage in the coil proportional to linear velocity with an

output of 545 millivolts/ips. The workirng range isgl.O'inch,_-Manufac—

-turer's’specifications (see Appendix B} show a'linearitjfofgbetter than

lz_and Output variations'between 95% and 100% of_nOminal.outputdouer the

total working range. |

Considerations of the function ot the transducer suggest consid—
erably increased accuracy above the mentioned magnitude of i 2 52, how=
ever, for a reduced working range.' A working range of about 0 5 inch .
was, therefore, maintained during the experiment.

o The transducer and amplifier calibration were carried out as meas—-
urements of displacement and corresponding time duration. The velocity
of the traversing piston was maintained constant with the above mentioned.
drive unit during-the calibration. The amplifier output was sampled by

the appropriate channel on the analog—to—digital recorder. A typical

calibration speed was 0 001 in/sec.
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Time was.measured between the.consecutive-dpeuings.of twn'micrq; _
switches. A_bracket_bn the_traversiug piston'activated the switches.
These Switches'uere connected electrically over the inputs of two duﬁmy
channels on.the.analog—to—digital.converter. The.upening times can,
therefdre,.easily be assessed from a.cenputer.printoutr |

.The travelled distanee betueen activationlof.the'suitChes vas
measured with a precision dial indicetnr and was typically.O.Ql - 0.02
ineh._ Ihe'aééuracy of the'indicator is.guaranteed to be.better than_
0.0001 inch. Tﬁis was confirmed in a series of measurements performed
with parallel gauge blocks (Grade L).

The amplifier gain was approximately 890. The transfer function
for the transducer and amplifier was therefore ﬁ85 V/ips.j The input to
the analog-to-digital recorder will be 485 millivolts for a calibrating
speed of 0.001 in/see, This output 1eve1 of about 500 mv is apprbpriate

- for accurate recording by the analog-to—diéital'converter, which has a
threshoid of distinetion of 4.85 millivolts. .This 1% ratio petween.-
threshold and signal magnitude is however lowered consiﬁerably pj the
great amount of sampled data and the following averaging process in the

computer treatment.

Caiibration'bf the Capillaries

Two ‘calibration fluids were used,-a'uiscositytstandard,'3460 from
Cannen Instrument-COmpany; and diester (bis'2-ethyinexylsebacate) fron
- Rohm and Haas.Company. Table 4 summarizes the viscosities of the’ fluids.
‘The fluid $-60 was used only at low shear stress calibrations.._The.
diester was used over the total range of shear stress. rBoth fluids_are

assumed to be Newtonian liquids in the sease. that the ratio between meas—
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Table 4. Viscosities (cp) of Calibrationm -
- Fluids at Atmospheric Pressure

- 1000F 2100F 3000F -

s-60 51.06 cp ~  5.899 cp —
Diester- o S 11.41 cp 2.86 cp. C1.46 ¢p

Viscosities.for.Séﬁo are from the manufacturer's specifications. o _

ured shear stress and 8hear.rete is coostant.

The viscosity of the diester was determined at 1000F . 2100F and

300°F with a Cannon—Fenske Routine Glass viscometer 150~-E707. . This

 viscometer was calibrated with the S-60 fluid. - Capillary 4 (Table l)
- was used as_the standard capillary,for'high oressure.measurements. Cali- -
bration_of capillary 4 was carried out at atmospheric.pressure with |
" diester andﬁchecked oith the $-60 fluid. The diametef:of.caoillary 4.
was found to be 0.01009 inch. Later calibrations confirmed this meas—
| uremant'witﬁin.s winch. | |

These statements about the diameter of caplllary 4 assume the.'
.physical length of the capillary tube to be 2 996 .001 inch-as-meas-
ured With a micrometer screw. Therefore, the diameter 0 01009 inch con-_'-
tains all possible corrections originating outside the caplllary eavity,
_however, only for Newtonian liquids. | - .

Calibration of the capillary 1 was carried.out as a comparison.of
loo shear stress measurements w1th capillary 4 measurements. The diester o
.-wag.used as calibration fluid. The pressure range applied was lOI- 40
kpsi;\ Calibration temperature oas 31l9°F_i 0.16f;'.This.teﬁperature vas

selected Because the.viscosity of the calibrating fluid for the applied




32

pressures is.then about 103 cp, well within the expected viscosity
range in the elastohydrodynamic 1ubrication film. The selected cali~
bration temperature is also appropriate for comparison'with previousa
work, notably ASME 1953 (2).

The diameter of capillary 1 was found to be 0. 00785 inch for a
measured physical length of 0.117_inch. This-diameter statement includes p
all possible corrections originating outside the capillary cavity, how-
ever, only for Newtonian liquids. | |

The capillary with L/D = 1.35 capillary 0 is a sapphire ring
(Figure 5) embedded in stainless steel high pressure seals of a similar
type as employed by:AMINCO*(AMINCO is the manufacturer of the utilized
standard-high pressure tubes and.fittingsj. The seals are of_local design
and.manufacture. | | | | o

Calibration of capillary 0 was carried out as a comparison of low '
shear . stress measurements with capillary 1 and capillary 4 measurements.

The calibration fluid was the diester. The" applied pressure range was

10 - 40 kpsi. The calibration was carried out at 31. 9°F 0. l°F. The :

diameter of the sapphire capillary was determined with a high power micro—a-
scope (ZOOX and SOOX) to be 0.0035 inch with an estimated accuracy of 3%.
The magnitude 0 00348 inch was actually used in the computer program
because this number was believed to be the ‘most nearly accurate.

i The comparisou with capillary 1 and capillary 4 measurements N

showed ‘the effective capillary length to be 0. 004? inch. This calibra; '

_tion also takes into account all possible corrections originating outside

the cylindrical part of the capillary cavity. It_will, therefore,_also

give a correct shear stress determination, according to the expression

:*AHINCO-is an abbreviation for American-Instrument”Company.'
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2y

Figure 5. Capillary 0, Sapphire.
(Outside diameter .055 inch. Thickness -
~ .030 inch. Cone angle 2¥ - 80°, Capil-
“lary diameter .0035 inch. Capillary
“length -~ .0047 inch.)
T = ApD/4L.
One known correction originating outside the capillary.is the
pressure drop due to flow contraction before the inlet and to flow disﬁ'

persion after the capillary exit. Wurst 1954 (34)_estimates the pres-

sure dtop3o§er an orifice, L/D-O,_tb:

o, = (50.4fn>;6)D3>;*_ o o
'.gét'small-Réynolas ﬁﬁmhers. Equation (I).can.$§ wfitfén aé
8P -'tSO:4/128)(D)L)(128/w)(nﬁafD4ii ; | | L _ _(2)

or

b = SO/MWA
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where Ap is the pressure drop (128/n)(L6n1D4) due to wall shear stress
in the capillarp cavity itself. The_total-pressure drop dpt over capil-

lary'O isrthe sum of Ap, and Ap:

Ap, = (1 + +394(D/L)) ap. - @)
or | |

T = Ap/4&(L/D) = 8p,/ (4(L/D) + 1*5725. | :(5):

The manufacturers'specificaticn for the ratio length to diameter,.ilb,

of the capillaf? 0 is 1. A calibration of the capillary with a'Newtunian'
fluid will therefore give a ratio L/D = 1.394, L = .00485 inch, D = .00348
inch;' This calculated length deviates only about 3% from the length,

. Lté rOO&?'inch, which ﬁas found during calibration with a-Hewtonian.fluid, h
diester;..The calibrated equivalent length .0047 was assumed to be the
correct length and the most nearly accurate measure of the.capillarp
length. This lenéth was used during evaluation of'the.measurements,
The-length..604? is equivalent with a ratio L/D = 1.35.

No directional effect was found for the capillaries during the
calibration measurements. Reversal of flow direction for all'capillarles
gave consistently identical results within the measuring accuracy. This
observation is consistent with the symmetry of the equations for the flow
' problem (35), (36), and with the approximate solution (34) -

The. distance in the capillary from the entrance to the point of
fully developed parabolic velocity profile is called the entrance length.
The calibration of caplllary () was carried out for entrance length from

2% down to 0 062 of the total length. The corresponding Reynolds numbers

for the low shear stress measurements were 0.2 to-0.00G. 'Entranceulengths.
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as great as 8% of the total length did not produce significant devia—.
tions.in apparent viscosity. It should be added that calibratiou for
capillary_l was carried out for equally small Reynolds numbers..
lt is an assumption for the concept oflthe entrance length that:
'tﬁe velocity'is taken to be constant at the eutrance. The-velocityjl
profile for the flow at the entrance of the capillary does aot satisfy
this agsumption of constant velocity when the flow_is'hignly viscous._.
_The velocity profile can be estimatedlto be nearly a parabolic_dis-
tribution at;the entrance.. The-approximately parabolic profile is
- created by the:viscous pressure drop outside the-capillary cavity. This
is consistent uith the observation of the indifference of thejviscosity
measurements to.the.variation from about 0% to.ézgof.the_calculated |
entrance length. .
The concept of entrance length appears thus not to be applicable
_'to flow at small Reynolds numbers, Re < l into a capillary.

Capillaries with ratio-D/L of 6.52 and 10 have been used in the

initial stage of the work. The preliminary results are consistent with '

eduations (1), (2) and (4). The necessary corrections are however
greater'(up to 400%) than the pressure drop ovet the capillary. This

great correction suggests that an undesirably high inaccuracy of the

_ experimental results might be expected. These capillaries were not used_

in the reported investigation.

| Figure 6 shows the shear stress at ‘the wall created by 8 unit
total pressure drop impressed on a flow through a capillary for the |
conditions of low. Reynolds number, Re < ~1, It is seen that the shear
_ stress 1s about 502 of ‘the impressed pressure drop when the capillary

-_has a ratio D/L of 10.

ne
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The calibration measurements for.capillary-o are iound in Tahleﬂ
_l& - ﬁiester,.32°F. The measurements with the standard'high pressure
capillary, capillary 4, are plotted in Figures 7 and 8. Table 5 gives
a comparison of the averaged data of Table 14 with data for a diester
reported as sample Al in the ASME Pressure Viscosity Report of 1953 (2)
~ The data summarized in Table 5 are taken from two different '
charges. The'dates.of the measurements are separated by about 20 years.

The viscosity values in columns 1973 and 1953 are interpolated graph-

ically. This process also incorporates inaccuracies in the data of cor—

- responding pressure levels (5 - 40 kpsi) aside-from graphiCally gener;_
ated inaccuracies in the viscosity values. The viscosity values are
furthermore obtained in two basically different ways of calibration
and measurement approaches.

Table 5 shows that the 19?3 data deviate less than 2% from the

1953 data. This small magnitude of deviation can be interpreted as'a .

verification and a support of the previous stated measurement inaccuracy_

f +lX when all prepositioned conditions for the data of Table 5 are
taken into consideration. _

The data of Table 5 indicate also that a search for further
increase of measuring accuracy will not be of value. -An accuracy of
+12 seems to be satisfactory for general investigations of high pres-
sure properties of lubricants as long as the lubricants are no more well
defined. The conclusions of the work are not at all impaired by a +12
accuracy of the measurements. A greater accuracy would only have con-

tributed insignificantly to'refinements of the results.
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Table 5. Diester, 320F.

Pressure Viseqsity-Relation {Diesters)

: _ DR apeviation of_1973
Data 1973 ASME 1953 Data from ASME

32°F Capillary & Al 1953 Data
0.kpsi; :.- ._:57r5 cp | 56.8 cp. . .: +1,2%
5 109 ep 108 e | +.9%
10 196 cp. | 194 cp 41,02
20 | 546 cp 547 ep - 2%
300 1400 cp 1420 e -l.4%
40 o 3365  ¢p - 33l0 cp _ +1.7%

All visc031ties are interpolated graphically on expanded semilog
diagrams.

_ For the column: DATA 1973'- Capillary 4:

. Measurements at pressure levels 5 kpsi to 40 kpsi are performed in the
high pressure viscometer. Measurements at atmospheric pressure are
extrapolated from straight line pressure viscosity characteristics.
mapped on a rectifying diagram (Ilnlnn-1nT) of type ASTM D 341-43.

Figure 9 shows the viscosity measurements plotteﬁ as function ef
shear stress; The figure jllustrates the high degree of correspoadence
of the low shear stress measurements for capillary 0 and capillary i with
those of capillary 4. The high shear stress measurements of Figure 9

(Table 14) show for both capillary O and capillary 1 an apparent shear

thinning behav1or of the diester. This_calibratlon liquid, which is
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assumed to have completely Newtonian properties, is presumably then::

subject:to dissipation heating in the capillary cavity. A series of

h'measurements with only one capillary cannot easily.discern'shear_thin—

" ning effects from dissipation.  Comparison between measurements with .

different L/D ratios will allow a differentiation of these effects.
The measurements plotted in Figure 9 for capillary 0 (L/D = 1. 35)

and capillary l;(L/D = 14.9) show for the same flu1d at each pressure

level consistently lower measured viscosity values'for'capillary lzin.h

the overlap zone of the shear stress ranges of the"capillaries. This

- holds true whatever shear stress or shear rate is-used as a basis of

comparison.
The general form of-the characteristjcs of Figure 9 at 20 - 30 -

40 kpsi and particularly the comparison between capillary 0 and capillary

-1 measurements at the overlap zone (~5 x 105 dyn/cm ) where capillary 1

results deviate from the Newtonian characteristic, indicates strongly

that shear thinning effects cannot explain the high shear stress behavior'

.'of the diester as it is measured with capillary l, L/D =’ 14 9.

The diester behaves, therefore as a Newtonian liquid up to about

_106 dyn/cm which is the upper limit for capillary 1 measurements in this

.series of experiments.- The common form of the oharacteristic leads -

furthermore to the:supposition that the diester behaves as a NewtOnian-

fluid up to about 2 x 107 dyn/cm® (about 300 psi) shear stress.

Fluid Measurements - S

‘Diester

_ The high ‘shear stress behavior of diester was investigated at . .
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somewhat greater viscosity levels than the calibration-measurements. ;

Higher viscosities were achieved by applying a low temperature of 10°F

and maintaining the pressure levels 10 ~ 20 - 30 - 40 kpsi. Table 15

contains'the results of the measurements. Figure 10 shows a graphical
presentation. “Measurements with capillary 4 were ‘not performed because _
the low shear stress viscosities measured with capillary 0 and capillary
1 showed consistency with previously obtained data for the diester when.
interpreted through mapping on an ASTM Standard Viscosity—Temperature
Chart. The mapping is illustrated in Figure 11. _I

The presentation of Figure 10 shows the same values of 1imiting
low shear stress viscosity for capillary_O and for capillary 1 at every

presSure 1eve1. These viscosities are within procedural accuracy of'

'the viscosities predicted by stralght line characteristics as applied

 in Figure 11.

Comparison with Figure 9 shows that the high shear stress char-

_ acteristics have the same general form of constant shear stress. The
measurements.with capillary 1 also show deviation at.the same shear
stress or the same shear rate downward from the Newtonian characteris- .

tic measured with-capillary 0 in the same way as found in Figure 9.

This confirms the statement that the deviation of capillary 1 measure-

: ments at high shear cannot be explained by a shear thinning effect.

The flow curves of Figure 10 (Diester, 10°F) are similar to the
Elow curves for the diester at 32°F (Figure 9). A translation along the'.
viscosity axis (shear stress constant) will allow one flow curve to be

superimposed on another flow curve. This holds also for f10w curves

measured at the'same temperature. These'observations SuggeSt_that the
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mecﬁanism responsible for the flow curve deuiatiOn from constant vis-
cosity is dependent on the pressure drop over the capillary, capillary.'
geometry (L and D), and p0351b1y some fluid prOperties, but: it is not”
dependent on viscosity level nor on shear rate. It-can_be shown thatt
dissipation heating satisfies these requirements. | |

The highest shear stress shown in Figure 10 is about Ix 107
d}n/eu (2435 psi); Slightly higher stresses were spplied. However,:
amplifier saturation of the velocity-31gnal prevented proper méasurée,

" ments from being'taken. tSimilar conoition3~nad also arisen for_tne
diester, 326F, 40 kpsi tFigure 9). These measurements-are.not incor-
porated in Tables 14 and 15._ An extrapolated flow curre.signature has
been_used in Figure 9 and 10 to show an-eStimated;behavior of the fiui&,

Figurepll shows the low shear stress behavior of diester over

‘the teuperature range covered. Table 6 gives tne numerical-ralues of
the pressure temperature viscosity characteristics of:the_diester |

.plotted in figure 11. o _

- The rectifying diagrammatic presentation of Figure 11 is essen-—
tially that of the ASTM Standard Viscosity—Temperature Charts (D 341 -

'43). The generating formula for the chart is lnln(v + c ) = lnA - anT

(37), where v, is the kinematic viscosity in centistokes at the absolute '
__temperature T (°R) and ¢,» A, Q are constants (c = .6-cs for v < ch).
A and Q are material describing constsnts.._The usefulnessiof.these.rec*
'tifying.cnarts is'based on tne obserration thatcminerai oiis plot.as.'
.-straight lineSgpresumablj, however, only at atnospheric pressure. Herseyi

{37) states:that fair results canlbe obtained by plotting the'v;1ﬁsé of. _. .

dynamic-viscosity directly using:the'scale of kinematic'viscosities;.-
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Table 6. Pressure Temperature'Viscosity
S Relationship for Diester '

Temperature

kpsi T 32 100 210 3000F

units centipoise

o 30 (57.5) 11.41  2.86 " 1.46

5 250 109 1 18.6 4.3 2,28
0 4z 196 2895 6.0  3.05
20 1420 546 642 0.7 492
3 390 1400  13%.5  18.0 B 7.2
40 9900 3365 268 79.1 1.1
50 - - 510 467 162
60 f—dt - : 940 - 72.@ o 23;2_5

70 - - - -

The table values above 0 kpsi are interpolated graphically on expanded
semilog diagrams.

() Extrapolated from straight line pressure viscosity ‘characteéristics
mapped on a rectifying diagram lnlnn-lnT of type ASTM D 341—43. S

Figure 11 is generated with such a simplified plotting method.

The error that arises from the simplified use of the rectifying
charts is ‘not signifieant for use in traction invegtlgations
of elastohydrodynamic lubrication. The density of the 1ubricant variesa

at most from sbout 0.9 g/cm to 1.1 g/cm (2) in the pressure and

temperatnre ranges of‘interest. This is a change in density of +10%
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The equivalent:plotted error is tctally.ahout $0.7% at 1000cp, +1.4%

at 100 cp and'iSX at 10 cp. The relative error'between.consecutiue
points is certainly smaller. A somewhat greater error may be expected
because the characteristics for many'fiuids tend to show a slight-curua—
ture ahove atmospheric pressure and for large temperature.ranges. _The'
lower bound fOr the viscosity range of interest in'traction investiga-
tions is 100 cp to 1006 cP.. The maximum error due to simplifications__
of the generating formula.is,then about 1%. It wiil in mastscases be
cbnsiderahly Smaller. The simplified plotting method ﬁay;'therefore;

afely be applied without any appreciable loss of accuracy. |

| The constant e, (0 6cs) can also be discarded for tract1on inves—:'
tigations._ The magnitude of this change is about 0. 1% at 100 cp and dimin- -
;ishes rapidly for higher viscosities. The generating Eormula can there- '
fore be regarded as having.the form' .lnlnn - 1nA - anT which conven- -'.
iently is a fcrmuia with two constants. The constant A stands‘for’some
defined base viscosity. The constant Q expresses the change of viscosity
_ with temperature such that a large Q represents: great changes in viscosity
for a given temperature change, _ | |
Figure 11 shows ‘that diester has straight line characteristics in

the lnln - ln rectifying diagram for viscosities above 100 cp. It is
also seen that the characteristics ‘are straight lines for the ranges -
0 - 40 kpsi and lOOF to 100°F as well as for atmcspheric pressure and
O?F to 300°F. There is a minor curvature at ‘all the reported pressure
leveis above atmospheric pressure and above 100°F,-when the_viscosity is
less:than 1do'ep. The.curvature is; however,-equivalent te ﬁeviations

less than about 5% ef'predicted viscosities. _TheSe-deviations'arel
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furthermore found at viscosity levels, less than 100 cp, which is outside
the range of interest for the high pressure range'in elastohydrodynamic
lubrication.

The high shear stress meaSurements of the calibration liquid,

diester, show that dissipation heating most likely is the cause of the
. well observedﬁdeviation-of flow curves of many lubricants from the

Newtonian characteristics toward smaller apparént viscositles for high

shear stress conditions. It was further shown that the diester has a

- constant viscosity in the shear stress range up to aBOut-14 psi-(*1067'

dyn/cmzi measured uith capillary 1. This indicates that the diester is
a Newtonian liquid up to.14 psi. Non—Newtonian effects thus do not .
participate in the generation of the deviating flow curves for diester'
measured with capillary 1. |

Heat generation per unit volume and unit time is equal to the

product-of shear stress-and shear rate. The neasurements. of the diester
showed that the flow curves, Figures 9 and 10 for both capillary 1 and

-0 were-influenced by.changes in shear stress, but hardly influenced by

changes in viscosity, or changes in shear rate. 'DeCreasing shearirates,'

- ot lower flow velocities, give equally longer resident times for the

liquid in the same'capillary. The heat generation per unit volume in a

capillary is, therefore, independent of the shear rate and depends alone
on the shear stress, or on the pressure drop experienced by the fluid

The temperature changes depend on the amount of heat generated, on capil-
lary geometry (location in the capillary cavity) and on fluid pr0perties.

Possible important fluid parameters are specific heat and density.
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The specific heat per unit tass and the density are both very

nearly constant for many lubrieants. The values are in the range

cv! 9.3 to 0.5 Btu/lbmoF (0.3 to 0.5 cal/g°C) an& p:0.0B to'0,036

lbmjin3 (0.83"to.1.0 g/cmg) giving a specific hest_c per unit volume.of

-85 - 170.1bf/in2°F. The thermal conductivity andlthe previously mén-

tioned material Constent Q are other possible inportant:parameters..
The thermal conductivity does not vary drssticelly tor mineral -

oil 1ubricants and for Dany of the synthetic luhricsnts; The opera—

tional values are in the range 0.015 - 0.017 lbf/secoF (.7 -.8 Btu/hr°F -

ft) with 1ower and upper extremes at. 0 013 and 0.020 lbf/secoF. The

conductivity decrea_s_es_a_bout 3% per 1009F tenlpersture increase and
decreases.sbout i%‘per percent incresse in deusity (37). IDevistions'
frOQ_these leveis of thernai conductivities are few.” Tabie-?Igives
somefexemples-of deviations. o |

Dimethyl Siloxane DC—200—50

' One outstanding property of silicone 0113 1s the relatively small
decrease of visc0sity with increasing temperature. The Q-exponent is
a factor of 2 to 4 less than the Q—exponent of the-diester. The flow
curves for siloxane will show considerably less deviation from the
Newtonian characteristic than the diester flow curve for the same shear.
stress. - Typical flow curves for the siloxane and for the diester is'
-plotted in Figure 12. The figure shows the much smaller loss of appar-
ent viscosity for the siloxane, thus supporting the hypothesis of heat
: dissipation as an important mechanism in generating the deviating f10w
curves for the capillary 0 measurements. - |

Figures 13 14, and 15 show the low shear behavior of the siloxane
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'Tabie 7. The Coefficient of Heat Conduction
for Some Liquids

ke (Lbg/OF sec)

Clorofluorcarbon - | .j | ;.f :_: E :"_.0987
Fluorinated polyether T R RN B ¥

Most hydrocarbon and I - S .0150 to
methyl siloxene 1ubricanbs.. L : C .01?0
Methflaicohol o _ . - B : : _. 024
Fluorsilicones = = - . o3
élycerin - .. . | | _ h | o :_'_.036 _
Water—ﬁlycdl mistures-' : - _ C ) _ .05 to .06.
Water 320F - s S o o ;o?ﬁf.
Water 140°F . - o .i.;osz_

Values from reference '(38).

'as a function.of:preaaofe a£:1000F 2109F and 3005F. ”The charscteristiCS'
of Figure 13 are S—shaped and have inflection points. at 20 = 60 kpsi
.This is similar to the shape of the characteristic of a 550 31licone 011
reported in (2) as sample 53-H. . |

Figure 15 shows the cousiderably smaller slope of the character-
istics as.compared to the curves of Figure 11 - Diester. “Table_lﬁ gives
the results'ofcthe measurements plotted in Figures 13,.14, ;ﬁ4.15, eThese-'
ﬁeesuremeocs kere_carried out before rhe modifications'to the.high pres-

sure viscometer were made. A second series of measurements of the
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_siloxane vere carried out at}low temperatures.32°F, 75°F and 100°E
after:the modifications'were-performedr Figuresllﬁ_and;l?_sunnarize

: these'measurenents. The same general characteristics'of.the:siloxane
were found.in.the low_temperature.range. The pressure viscosity curve-
at.326f, Figure 16, is S?shaped; however,'the inflection point is

) 1ocated as low as 15 kpsi. The temperature viscositv:characteristics,
Figure ll,:at low temperatures are straight lines with slopes or the.'
same magnitude as the slopes in the temperature'range 1004210°F, Figure :
15.{

'.,High-shear_stress measurements-of the.siloxane fluid were carried
out at 75°F. The results are shown in'Table 17 and Figure"lB The flow
curves, Figure 18 for capillary 1 measurements also deviate downward
from the curves of capillary 0 at the same shear’ stress of the same shear
'rate in the shear stress range covered by both capillaries. Therefore,.'
shear thinning is not present for dimethyl siloxane for stresses
up to at least 4 x lO6 dyn/cm (57 psi) This is shown by the flow
Icurves at 30 kp31 where the overlap zone is more than a decade wide,-
10° - 106 dyn/cmz, Figure 18 The flow curves—for.the siloxane fluid |
for both capillaries are seen to be similar in form. A translation
' along the viscosity axis will allow one flow to be superimposed on’
.another curve. This indicates that dissipation heating is the cause.
of the observed deviation from Newtonian behavior for both capillary 1
hand capillary 0 as was the case for the diester and suggests further
that the range where shear thinning effects are absent can be extended
to the highest stress reported in Figure 13 which is 4 X 10? dyn/cm

(570 psi).
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of Dimethyl Siloxane DC-200-50 in the Range 32 - 100°F, _

- (ASTM D 341-43)
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Partial blockage of the capillary ccecurred occasionally:
' during the high shear experiment.with capillary 0. Figure 19'shows tﬁe
: results from measurements at 30 and 40 kpsi with suca partially blocked
capillary-and tubing. The results are plotted with—Figure 18 as tﬁe'
backgrsund.'_iable_ls gives the measured values. The plotted results
-are grouped'in a meaningless pattern in terms of liquid Behavior. All
‘apparent viscosities are higher than what would be expected for liquid
.beaavior. fhese higher values of apparent viscosities possibly indicate.
partial solidification of the siloxane. | |

The wvalues of Table 18 show the chronologic order of the execu-
tion of the measurements. -The results of the first measurements
follow the previously measured flow curve for 40 kpsi - 750F Con— _:
| ditions. The applied shear stress was below 2 x 107 dyn/cm (285 psi)
The latter part of the 40 kpsi series yields meaningless ‘results.
Applied shear stresses were above 2 x 107 dyn/cm . High shear stress.
measurement was attempted at 50 kpsi with capillary 0 without giving
meaningful results. ‘This explains the missing high shear stress in Fig—
ure 12 of the flow curve for capillary 0 at 50 ‘kpsi. The sapphire capil—.
-lary, capillary 0, was taken out and inspected in the microscope after
such_experiments. No damage to the sapphire or its seals was ever
obserued;”' | L )

Thglsiloxane.was investigated_also.at=320F.I Figure 2o.an& Table
19 coatain:the'results} In order to investigare ﬁigh shear stressl
teharior, ouly capillary 0 experimentsiwere performed.

Measurements'at'SO'kpsi'could not Be_carried out;. A partial

" solidification was observed at 40 kpsi above shear stresses of about '
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3 x 108 d}n/cm2 (43 psi). The silexane seemed to Be in a'stable condie
tion in that lower shear stresses applied after a high stress situation
‘gave results consistent with earlier results within the same seriea, :
Table 19, 40 kpsi.__ | |
~ The flow curves ef Figure 20 at 'S and 10 kpsi'snow'greater-deuia-
tion.from the Newtonian characteristic than previously.obServed. This
greater deviatiOn.is consistent with.a slightly greater slope (greater
Q) in'the temperature region_32° - 75% as seen from Figure 17 compared
witn.Figure'lS. | | |
The experiment uas repeated under identical conditions as theH
previous measurements, 329F capillary 0 only. The results are found in -
FigurenZl and Table 20; Non—liquid behavior,was_again onserved at'40 |
kpSi and shear eresses aboue 3 x 108 dyn/cmz. A gradual proceae tnward
complete solidifieation'seemed'to prevail however. No“definite explan-
ation was found of this slightly altered behavior under otherwise iden-
tical conditions. o |
R The siloxane was measured at 100°F with capillary 4 in order to

establieh a conneetion with low shear stress_data previously measured.
The results are ploﬁted in Figure 22 from Table 21. The'results of
capillary 4 measurements were found to be of slightly larger magnitude
R than expected (Figure 17 and Figure 15) The reason for this deviation
_'was not pursued further because the-discrepancy was_considered insignifi— )
_.eant_fer the general conclusions of the_wqu. | | |

| Seueral_invesrigatidns uere performed inro the:sdlidificatiuniof
the silexane.' Tﬁe_mdre rugged capillary_liuas mounted.iﬁ°£he eysten

during these investigations. The temperatures were 750F and’ 32°F.
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‘Pressure was increased in steps of 10 kpsi with a waiting period of .

several minutes between increments. Shear stress shocks were applied

at each pressure level to provoke a possible solidification. Shear

stress peak3'are'estimated to have of about 5 x 10° dyn/cmz. Complete\_

blockage of some of the tube of the test systems was observed at 60

kpsi for 75° and at 50 kpsi for 320F. These observations were.repro—
ducible. A'large hysteresis in reversal to_complete liquid state was
found. A return to the liquid state started first_after the system
pressure - in the still liquid branches - was lowered 25 to.35-bpsi
below the'b10ckage_genereting pressure. This return to the liéuid state

was accompanied'by a slight velume lncrease observed as a slight pres-

sure increase in the 1iquid branches. The observations of blockage

pressures and the solidifications experienced at lower pressures and vis—
cosities seem to justify a tentative viscosity - shear stress diagram
(Figure 23) which predicts ranges where non—liquid behavior can be

anticipated. These observations are interesting and may provide a key

© to a possible explanation for the anomalous behavior of ‘some silicone

0ils in their ability to create an elastohydrodynamic 1ubricetion film.

Figure 23 is plotted with Figure 19 as background.

Polyalkyl Aromatic + Additive (DN 600 + Additive)

High shear stress measurements of the synthetic lubricant DNGOO +
Additive are found in Figure 24 and Table 22.  The flow curves ‘show
Newtouian behavior at ‘least up to 3 x 106 dyn/cm ( 4& psi) “The gen-

eral form of the flow curves suggests that Newtonian behavior'persists

up to the maximum employed stress of 4. 2 X 10? dyn/cm (510 psi). Par-

-tially non-liquid behavior was possibly encountered at 30 kpsi and cer-

tainly at_éﬁ_kpsi..
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The table values of capillary 1 at 20 kpsi show some scatter

~ around 109 dyn/cmz. These data were taken with a manual traverse of

the viscometer. Difficulties in maintaining steady conditions at very

low speed may explain the scatter. Some low speed-data points created'

.with the constant speed drive are found at 3 x 105 6.6 x 105, and

' 9.6-1:.105 dyn/cm . .Scatter for:these groups.is.very small.

Previous measurements of DN600 + Additive were carried out up to

©1.65 x 10° cp. Conditions were 100 kpsi and 100°F;} Nohﬁliquid behavior
- was not experlenced, presumably due to- the higher temperature. The

. scatter at 1 - 2 X 105 cp (40 kpsi, 10°F) as reported in Table 22 may

therefore be explained ag a partial solidification caused by low temper—

. atures but not necessarily due to high shear stress.'

'Synthetic Paraffinic Oils XRM '109 F4 and XRM 1?7 F4

The 1ubricants XRM 109 F4 and XRM 177 F4 are essentially the same,
except that XRM 177 F4 is blended with an anti-wear additive.- This

edditive 1s not expected to cause significant changes in the viscosity

Lof the blend. The base lubricant in XRM 109 F4 and XRM 177 ?h.is a syn—- '

thetic paraffinic oil similar to Fluid D, the synthetic paraffinic oil

reported in (39), (40) and to fluid XRM 109 reported in ¢41).

Figures 25 26 27, and 28 and Tables 23 and 24 show the low ghear

- gtress data. Viscosities at atmospheric pressure are equal for the two

lubricants. The pressure viscosity relatxons at 100°F are also very

'nearly identical. " There is a trend for. XRM 109 F4 to show slightly

higher viscosities than XRM 177 P4 at higher pressures end temperatures.
The greatest devistionpis found at 50 kpsi and 3000F, XRM 109 F4 hss a

viscosity which is about 8% higher than the correSPonding viscogity of .
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XRM 177 F4.
Figure 29 ‘shows a pressure-viscosity plot of XRM 109 F4, XRM 177

F4 and Fluid D. The figure illustrates the difference between samples
which are-not_from the same lot. The viscositj.of'FluidlD is.consistently
1ower'than the viscosities of the XRM fluids.. The figure also shows the'
slightly 1ncreased viscosities for XRH 109 F4 compared with XRM 177 F4.
The trend is particularly visible at 300°F The.anti-wear additive
reduces the viscosity slightly compared with that of the base fluid

_ Figure 30 and Table 25 show the high ghear stresas: measurements or
XRM 177 F4. The two fluids XRM 177 F4 and XRM 109 F4 were found pre—
viously during the 1ow shear stress investigation to be very nearly
identical;' Shear stress investigations of XRM 109 F4 would expectedly.
not’ yield significant new information and were therefore not carried out._

.Some of the flow curves Eor a_capillary cover more than two N
decades of.shear.stress. The Newtonian parts of thexcurves are'particu—~
larly far extended iato the low shear region showing good agreement with
measured low shear data. The overlap zone is more than a decade wide.
-The heating effecr of the curves of capillary 1 is distinctly seen. The
'.general form of the, flow curves suggests that the apparent non-Newtonian
behavior measured with capillary 0 is caused by heating alone. The higﬁ-

'est shear stress measured was 4. 78 x 107 dyn/cm2 (695 psi).

The operating characteristic for the 1ubricant in an elastohydrody-'

namic contact_is also showu'in Figure 30. The vertical line is estimated :

working conditions for the lubricant at a load of 15 1bf at 54.8 in/sec

'sliding speed 1n a steel ball and sapphire dise contact. The position

is in. the center of the contact (Appendix G, Table 31 and Figure 54).
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.Figure 30 shows clearly that capillary viscbmetrf is not very far from
the situation where elaStohydrodynamic conditions for a lubricant can.
be created in a laboratory experiment in which the'parameters'of interf
est can be varied independently of each other.

| An'inuestigation of all the reported flow curves of the four
' lubricants.has'shown'that all characteristics do_fitito.one general-.
| suaﬁdard curve, regardless of the fluid type and for both capillaryil
and cepillary 0 measurements. Deviations from this master curve are of
the same megnitude as the experimental ertor. This obseruation-of geﬁ—
_ erality strongly indicates that the same mechanism is responsible for
deviation from a Newtonian characteristic. Further work on the hypothe-
sis of dissipation heetinglparticularly with respect to the influence
of:the coefficients of temperature viscosity and heat conduction is
reoorted injthe follouing chapter.' o

B3J: Paraffinic Mineral Oil with 11.5% Polyalkylmethacrylate Mi=.2 x 107

._ Polymer blended lubricents have long been used extensively in
various engineering fields, particularly the automotive industry. High
.shear ‘stress investigations of a polymer mixed lubricant are therefore
of interest. It was decided to select a high molecular weight polymer
'in a relatively high concentration with a straight paraffinic mineral
base oil for such an investigation. | . |

| The base oil as well as mixtures with a lower molecular weight
polymer (MW ~' 56 X 106) have been investigated before (l),.however,
only up to about 106 dyn/cm The base oil was then found to have ‘com-

pletely Newtonian characteristics in the’ range investigated The mix-

tures'showed liquid-response-and_SOme shear thinning effects,.
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“The same base oil_(R-620-12) was selected in this_investigation;_d
A polymer_(Ronm and HaaslPL.4523) with considerably.greater molecular
weight (M ~ .2 x l07) than used before, was used in_order to produce |
extreme properties of the mixture. The polymer was delivered in solu-
tion with a oaraffinic Oil-similar to the base oil. A viscosity
increaselof 20,timesdthe base oil viscosity wes desired;_ The_appropriate_'
percentage polymer, ll.52, was predicted from (1). A nlend with this

concentration was prepared and mixed vigorously for 48 hours at room

_temperature; The mixing was carried out by bubbling dry, filtered air

through the charge from the bottom of the container.

__Table 26dsh0ws the results of capillarf 4 and capillary 1 meas=
urenente'with.this blend. Lack_of expected consistancy of the data led
to a susoicion.of incomplete'mixing. The viscoﬁeter nas then purged.
The remaining blend wag agitated vigorously'for'another 24 hours at

160°F. Measurements with the more thoroughly mixed charge were carried

out with all three capillarles at 100°F and at 5, 10, and 20 kpsi.

iable 27.reports-the results. It was found that the extra mixing opera—

' tion did not improve'the consistancy of the newly collected-data. The

contents of both Table 26 and Table 27 are, therefore, considered rep— .

resentative for the behavior of the mixture. Figure 31 summarizes the

_tabulated data.

It is seen from the figure that non-liquid response sets in. for.
a relatively low magnitude of shear stress of about 3 x 105 dyn/cm

(4 psi). A pronounced directional effect is found for capillary 1 meas-

' urement at-20 kpsi. Apparent viscosities differ by a factor 2 -3 for -

; capillary 0 measnrements at 10 kpsi and for the same shear stress or the
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same shearrrate. The method of generating the data was-different,‘
hqvever.'.TheIIO kpsi series at 2 sllo6 dyn/cm? was produCed with the:
constant speed unit;l The 10 kpsi data from 7 x 10% to 3 x_lO? dyn/cm2
were.produced manually. | |

| The data from capillary 4 may be regarded.as second Newtonian
viscosities. A pronounced viscosity increase'(730%)_occurs for increas_
ing shear stresses before apparent non—liquid:response sets:in at about
3 x 109 dyn/cmz._ Such viscosity increases.as'well as the noneliquid_
behavior were.not'observed in previous measurements 1 in the same

shear stress range. The concentration of polymer and the molecular

weight were, however, significantly lower.

Figures 32 and 33 and Table 28 sghow the pressure temperature
viscosity relations at shear stresses believed to corre3pond to the sec-—
ond Newtonian viscosities. The temperature pressure viscosity charac~

teristics plotted on an ASTM D 341—43 chart show a pronounced curvature.

Viscosities at atmospheric pressure (in Table 8) are estimated from an

ASTM type rectifying-chart. The viscosities at atmospheric pressuredwere .

_ measured with a Cannon Fenske Routine Glass Viscometer No. 400, The"

applied shear stress is about 60 dyn/cm for p 0 85 whereas the 1owest
shear stresses reported in Tables 26, 27 and 28 are of order 104 dynfcm .

The measured viacosities at the very low level of shear stress were

e_about 2. 5 times greater than the viscosities at 104 dyn/cm ; Table 8

summarizes these viscosities at atmospheric pressure. The tabular values
are believed.to-represent the first Newtonian state (column-lj and the
second Newtonian v1scos1ty level (column 2)

 Fluid B3J shows the expected shear thinning flow curve character—
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 \SOTHERMAL PRESSURE
VISCOSITY PLOT FOR FL B3J
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Figure 32. Isothermal Pressure Viscosity Plot for Fluid B3J.
(Paraffinic mineral oil with 11.5 per cent polyalkyl-
methacrylate (MW = 2 x 109), Measurements with
capillary 4.__Semilog presentation.)




-:Figure 33. Roelands Plot for Fluid B3J. (P?ar.affinic wineral

‘0il with 11.5 per cent polyalkylmethacrylate
(MW =2 x 105) . Measurements = with Capiliary 4.) .
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Table 8. Paraffinic Mineral 011 with 11.5 Per cent
Polyalkylmethacrylate MW.=,2 x 10 '
Viscosities at Atmospheric Pressure .

1 ' 2

_ = 60 dyn/cm? } 104 - lOSIHyn/cmz
Capillary No. 400 '..5 Cap 4+ Cap 1 *
75°F . - 1000 cp
100°F r _. - 1010 cp . 420 cp
150°F o : 384 Cﬁ : | - 155 cp
190°F : o 221 cp - o 100 cp

*Table values are estimated from extrapolated characteristics on
ASTM D 341-43 type charts.

[

- 1zed by a first Newtonian viscosity n,; at low shear stress (--102 dyn/emz)-'
and a second Newtonian viscosity ny at a shear stress of:about 104 dyn/cm2,

- The ratio nlfnz 1s approximately 2.5. The second Newtonian viscosity

np never approaches the viscosity ng of the'base_liquid; The ratio nzinb

is of the orderldf 10. The second Newtonian viscosity level extends

only to about 4 x 104 dyn/cmz where the apparent viscosity increases

~again. The increase in viscosity amounts to about 30%. ‘Distinct non~
1iquid behavior appears shortly above 10° dyﬁ/cmz_(l.4 psi) an&'cbatinues_

to the highest shear stress -3.5 x 107 dyn/cum? (500 psi). It is signifi- |

cant that non-liquid behavior sets in at stresses (1.4 psi) which are
more than 103 times smaller than the average shear stress in a moderately
loaded elastohydrodynamlc point or line contact. These shear stresses

(~1,4-psi),_shsre'transition to non-liquid behavior appears for the
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material B3J, are found far out In the inlet zone bf'ah elastohydrodynamic
contact. At this location,'the.bressﬁres are low, film thicknesses are
maﬁy times the centerline film thickness and temperatures are very nearly

equal to ambient temperatures.
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CHAPTER IYI
'DISSIPATIVE HEATING EFFECTS IN CAPTLLARY VISCOMETRY

Introduction

TA

The.flow of a fluid through a cylindrical capillary generates a
temperature increase and a corresponding viscosity decrease in_the
fluid. .This;change of viscnsity represents'a possible source of errbr
in the measurements.

.The teﬁperature increase is given by the ratio of.the driuing'
pressure drop to the’ specific heat capacity when the generated dissi-_
‘pation heat is uniformly distributed in the liquid and heat comduction
is absent.. The specific heat capacity of the liquid is the product of
suecific heat and density. These quantities are near the values .5
Btu/1biCF and .03_1bm/1ﬁ3 respectively for many lubricants. The uni-
fornly distributed tenperature'rise is of the order.of l°F ber'l40 psi
pressure drup (5-6°C per 100 kp/cm ), when the specific heat capacity
for the fluid is .05 ntu/1u3°F. The situation of uniformly distributed
heat and no heat conduction Erom the liquid is seldom achieved in. high
' shear stress capillary viscometry. The shear stress and the shear rate
are both maxima-at the wall. The temperature distribution immediately
fafter the 1nlet is therefure characterized by increasing temperatures in
the neighborhnod of the wall and nearly unchanged temperatures at the

center,_ The fluid temperatures at the wall remain ldw due to the rela—

tively.high-hest conduCtivity of the-wall_material compatred with-the heat
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conductivity of.the fluid. The temperature distribution is thus an
annular maximum a ghort distance from the wall and low temperatures at
the wall and at the center of the capillary. These considerations_
assume-that the liquid has a uniform temperature when it enters the

" inlet. The temperature distribution further downstream of the inlet

" is assumed to be a steady state configuration with maximum at the capil-
1ary axis. | ”

| - The dissipation heating and other'sources of uneven temperature
distrioutions Cause'distortion of the“measurements in capillar& viscome-
try. The viscosity of the liquid decreases due to the temperatures at |
some locations which results in an overall increase in volume flow.

The measurements will thus show an apparent decrease in viscosity and
an apparent:increase_in shear rate for well defined pressure drop, or

gshear stress.

Review of Solutions

-The problem of viscous dissipation heating is of importance for
capillary viscometry and has attracted the attention of many investi—
gators.- Many of the contributions are achieved in-entirely'theoretical
works. Some simplifying asSumptions'have.oeen necesaary-in-order_to-
reach resulta;- The aasumption_of'a non—convective'situation.andgthe
-assumption of constant viscosity have been applied. Most of'the pre—
vious works assume implicitly that other materiel parameters, density,
heat conductivity, etc. are constant, that the flow‘is_telescopic (tan-
gential and radial velocity components are: zero), that the pressure
_gradient is constant and that the temperature of the 1iquid is constant

at the entry. Compression heating (expansion cooling) is in general not
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discuSsed;'.Tne viscosity is often:assumed to be dependent-on tempera-’
- tureé alone-when.viscosity is variable in the problem treatment. Onlyi.
situations far_downstream from the entry or situationsfimmediately
after the entry are discussed. The boundary conditions when r = R are
_ typically the adiabatic or the isothermal walls. Schlichting 1951
(44) has shown that the steady state temperature distribution is
. described by a 4th order polynomial expression in h_for laminar Couette
flowibetmeen paraIIEl.plates. _ The corresponding solution.for piperflow
is shown by_ﬁersey_'i936 (42) and Grigull 1955 (43) to be the same
functional.expression in r however with smaller constants. All three -
workers assumed constant‘viscosity'and disregarded thermal expansion :
effects.z. |

Hersey. 1936 (42) derived an expression.tor.the-temuerature

diStribution_in the capillary assuming that the heat stays_in'the-fluid_'

volume where it was generated which is equal to the'situation'where heat o

) conduction is absent. He integrated the heat flux at the exit and found'E
it consistent with the case of uniformly distributed heat in: the efflux :
1An approximate expression was derived by Hersey 1936 (42) and Hersey
: and Zimmer 1937 (4) for the reduction in apparent viscosity due to
.'heating effect in the capillary flow situation under adiabatic condi-

tions._ - _ _ |

._:?hiiiPﬁqff 1942 :(6) developed equations and:series_expresél

sions_of.thezsolutionc he apoarently deleted one.term of'the equa— B

tions.. He obtained temperature distributions and velocity profiles..

Hausenblas 1950 (46) showed solutions to the capillary flow situation

'1n terms of temperature and velocity proflles for variable viscosity but
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at'locations far downstreamithe inlet. His temperature viacosity func-

tion was n = (k + le) 1. The temnerature profiles obtained are simi-

. lar to the fourth order profiles obtained with constant viscosity,
Schlichting 1951 (44);nerséy'1936 (42) and'Grignll31955.(43).. His
veloeity profilee spon aignificantldeviatlons from the narabolic
velocity proflles of'the'constant viscosity case, The velocity at the
axis indreaeesﬂrelative1§ much more.tnan the velocitiea near the wall,
apparently because the viecoaity is higher near the.Wall. The velocity
'profiles becoﬁes"mpre slender with pronounced maximun at the.center
-and an inflection peint at about half radius when the pressure drop
'inereaaea. The.shear Tate at the 5511 is thus a weak function of the
pressnre dron which enggests & maximum of the volume flon et some pres-—
suredgradient."This'point was 1ater'discuaeed briefly by Kearsley 1962
.(52). Brinkman-l951.(47) gave the-solntion for the flon immediately |

downstream of the inlet however for constant viscosity. He'incorpor—-

ated convection in axfal direction and assumed that the pressure gra#'

dient was constant.. His solution shows the annular temperature pro—
_f11ea with the peak increasing in: the flow directlon and moving to the
center at locations downstream from the inlet.. Grigull 1955 (43)
reported solutions for the temperature profiles both near the inlet and
"far-donnstream. He.incorporated axial convection but the solutions
.are baaed.on parabolic velocity prdfilesaand eonatant viseosity. The-
'closed form expresslon for the solution was obtained by asauming that
the temperature is a linear combination of the axial coordlnate itself

and an arbitrary function of the radius coordinate. The solution does -

.not'inugeneral 3atisfy the initial condition'T'= 0 at the inlet. .
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-Hillsapsfand Pohlhausen 1953 (48) gave thermal solutiomns for
Steaoy'laminar flow between non-parallel plane walls with small open-
ing'angles.' Analytic solutions exist for this flow situation of the
velocity profiles when the viscosity is assumed to be'constant._ The
knowm velocity.solutiOns are used in the energy equation. The tempera-—
ture profiles are_reported in the form of a dimensidnless function G _
which contains the viscosity. G is a function of"angular position in
the wedge. The solutions representfsteady conditions far from the inlet;

The work is of'interest for flow through'slenoer conical diameter reduc-.
'tion tubes anticipating an analogy gimilar to the analogy of temperature
and velocity profiles for flow between -plane parallel walls and flow in
eylindrical capillaries, Hersey 1936 (42) Grigull 1950 (43)
Schlichting_ 1951 (44), or-Hausenblas 1950 (48). The_thermal profiles
reported by_Millsaps_and Pohlhausen for converging flow are remarkablf
alike in tne investigated ﬁeynolds number range from.about 1 to SODO.:
_The annular thermal peaks stay consistently near the wall in contradicﬁ
tion to the behavior in the cylindrical capillary where the peaks move
to the center’ position in equilibrium The profiles in a diverging
section show significantly different behavior than thelprofiles in a-con-
vergentpsection._ The analytic solution for the diverging section shows
atrong-oscillations'uith negative values of”the tﬁernal function G over
significant angular distance even for the lowest Reynolds number. This
suggests thermal instabilities. Similar analytic solutions do not appar=-
ently exist_for velocity.and temperature profiles-for flow.through akie

symmetric sections.
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Toor 1956 {49), 1957 (50) treated the case of flow of a com=-
pressible non-Newtonian power law liquid. He showed that the tempera-
ture at-the_center of the capillary initially will decreage due to
: expansion cooling. "The resulting temperature and velocity profiles are
similar to the profiles in the Newtonlan case. Gee_snd Lyon 1957 (51)

- reported solutions to the same problEm formulatiOn_however'with a semi
_empirical stress strain relationship that' fits the behavior of plastic
melts. The isothermal wall csse was treated. The wall temperature was
a parameter. The obtained temperature aud velocity profiles are simi~
lar in character to the solutions of Grigull, Brinkman and Hausenblas,
and later- of Kearsley, when the wall temperature is lower than the
initial melt temperature. The temperature profiles become highly
distorted_from.the parabolic profiles when the melt and the wall have
about-the'same temperature but show only_relatively_small deviations
Erom_en average temperature equslﬂto tne wall.temperature. .
Keerslev'1962 (52) gave closed form“solutions for.temperatures
.'_and velocities when the viscosity is an exponential function of temper—
ature._ The location is far from the inlet. A-conclusion from the results
is that there exists an upper limiting pressure gradient for the flow
situetion and a corresponding upper volume flow rate. The velocity pro-
files deviate from the profiles of the case of constant viscosity. - They
become more slender with inflection point at about half radius when the
pressure drop iucreases. The flow situation is similar to the case
described bv Hsusenblas however with a more physically*realistic viscosity

function for.temperature differences of up to ebout\SO°F. Both Kearsley
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and Hausenblas describe situations wﬁere.the temperature'gradient in
axial direetion is zero. |

Gerrard and Philippoff 1963 (9) investigated the adiabatic wall
case and developed a.thermal correction to the sheatlstress, shear'rate
flow.curVEB very simildar to the Rabinowitz correction to flow curves for | .
non—NewtonianiliQuids. They pointed out that application of the correc_
tion was not justified for isothermal wall cases. Gerrard, Steidler
and Appeldoorn 1964 (10), 1965 (11) conducted an extensive investiga-
'tion_in the capillary flow situation both experimentally and with com-
puted solutions. The computations.incorporated equations and boundary
eonditions with more realistic assumptions than the assunptiona made in
earlier work. The viscosity function was a hyperbolic dependency of
viscosity on temperature to the power - 3.55. A pressure viseOsity.rela—
tion was also incorporated. Both the adiabatic ‘and the isothermal case
was treated. Good agreement was found between caICulations and measure-—
ments in the adiabatic wall case. lt'was found difficult to conduct the
dissipated heat completely away in the isothermal wall case and the flow
curves show deviation in direction of lower apparent viseosity when - the
shear stress 1s above about 105 dyn/cm . Radial temperature profiles
. were-measuredsat the exit. The applied capillary diameter was of the
order of .017 in, dBlmm .The profiles showed a strong annular peak.uear
the wall and very nearly zero temperature change at the center._.This'
very uneven temperature distribution for a long capillary, *10 cm, is |
remarkable and shows that convection in axial direction is significant

even for the small diameters of .017 inch as applied in'this work.
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Problem Formulation

_ Thé_disfributionlof increased temperatures in a éhoft.capillafy
7'fbr-high Qhear'stress méasufements are estimaﬁed alﬁng with the in-
crease of'fiow rate due to thé &istributioq of increased temperatures,

~ The configurétio;_of fhe flow is shown in Eigure.Bﬁ. A viscous
lubriéaﬁt-eqters a short length cylindriéal capillary. The volume flow
rate and the_pressﬁre drop over the'capiliary are héaSu:gd. Cylindri-
cai coqrdin#tes are.applicable for the phyéical_éonfiguration. The
preéenﬁation for_the remainder of the.chépﬁer comprise fiow with_radiai
cdnductiﬁn'ana axial convection.

_The_tempefature distfibutidﬁ in the capillary due to dissipation
is estimatgd'for the casélof axial éoﬂﬁection and constant viscosity.
The deviation éf thé flow curves will bé evaiuated éssﬁming the esti-
ma;ed temperature distribution but using a temﬁerature dependent vié-
cpsity.funqtibn.in the ﬁalcula;ions of Qelocities_and flow rates.

| I_'Thelﬁrqcedure is repeated iﬁcorporating radial-cbnductidn. _Tﬁé

"témﬁergtﬁqé distribution is estimated assuming axial convection, radial

_ conduétion.and constant viscosity. The flow curves are evaluated using

the estimated temperatures (for axial'convectidu - radial cbndﬁction;—
' cdnstant viscosity) but assuming temperatﬁre dépendent'viscosity.in the
calculationé of velocities and flow rates.

Equations

The equation of mass conservation is

g + GTUds + G+ TGuD om0 )
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Figure 34. The Flow Situation, Flow of a Viscous Lubricant
through a Cylindrical Capillary.
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Table 9, Assumptions.
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1. Steady state conditions. Laminar flow.

2, uy = u(r? only u =0 uE = 0. uE(R) =0 .uE’r(O) = 0.

3. ps_ = constant py_ =0 p,_=0.

4. ‘Body forces and.inertial forces are zefo.
5. T = T(r,2) only T(R,%Z) = T(r,0) = 0.

6. _The.materiai parémeters'n, Ps Cy kt.aré constant.

v

7. Re << 1

8. Heat conduction in axial direction is zero.

The equation 1s satisfied by the assumptidns 1 and 2.

The equations'of motion are for p = constant.
R "N 2 o g2
O PGE ) Ryt e 0y =y 4 2ug, /1)
- D;é, 'urue - . 9 S . 2
q(Dt = y =0, (p,a)/r + n(? us + (Z“r'a' ug)r)
. DLI._ ) . . 2 .
p —2 = Zb = P>~ *+nV%u_

Dt z 'z

where g—t and v2, shown for example for u'r, is:

Du .
EE_. =u syt ul;(.ur.r)' + (ua'/r)(ur.é_) + us (u, )

(2

3

(4).

(5.
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and
V2, =y, + (W) (u, ) + (ur,§.§)<1/r2> tuageg o ®)
Assumptions 1, 2, 3, and 4 reduce the equations to

?,E = n(uzsrsr + (uE'r)/r) . (7)
or

rp,z = (nruz.r),r (8) "

Integrations and the assumptions 2 give

a.  =rp, /2n (W
z,r F

and

u = (/R - D@®R%,_/4m) = ~&%p, M40} - (/D 1oy
) z z .

The energy equation is

'pc EI--'kt(T

v Dt sprp ¥ (/OIT, . + (1/x )T’E’E + T’E?E) + @, | (1%?- s
_Assqmptioﬁs 1, 2, 5 and 8 reduce equatidn (11) to
' : . 2 '
: p_'cquT’E = kt(T’r’r + (1/1')1'!1.) + T\(uE ) | (12). -

’r
Equatiohs (9)% (10 ahd.(12) give
| o) (o DR (L = 2RI, 4 (T, + (UOT) (3

2

f+rpéﬁn=0

‘The first term in equation (13) represents axial convection. The second
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term is r#dial conduction, in a cylinder, ana the last tefm is the heat
generation by dissipation. The assumption of constant viscosity allows
an uncoupling of equations (7) and (11) integration of equation (?).to
eqﬁation (10) and appliﬁation of equation (9) and (10) into'equation :
(12)._.0ther gshear stress-shear rate relations than the Newtopian, |
T =Tu,,, can -be applied; particu}arly.straightforward'is the use of
ﬁower law.flﬁids. Témperature dependency in the shear étress—sheaf _
rate relation woﬁld_requirg similtaneous solution of equations (7) &nd

(12).

Adiabatic Flow

'The gﬁeéiallcase of [ complete adiaba#ic conditions in tﬁé liquid
(no heat coﬁduction in the fluid)lié of intefest ﬁécaﬁse it.gives an
approximate descriﬁtion of the expected temperature'ﬁﬁﬁfiles imme&iately
'after'the-iﬁlé;."The adiab;tic case also gives a*p#rticularly good
' description-bf'the temperatures of the fiuid following streamlines near
' thg capiliar§ axis.' When heat conduction is abéent.equation 13 féduces,
33=“rlR,'£§£ | | |

T_= GHA - NIl as

withzthe_éolutiqﬂ
-2 -2 . . ' : |
AT =2/ -7 ))((--p,z)/(cvp)) (15)

satisfying the condition AT(5, 0) = 0. The isothermal condition
AT(R,E) = () cannot be expected to be satisfiéd_in_aﬁ_adiabatic situa—

~tion.




97

The-température in the capillary. increases linearly with the
axial coordinate. It is zero along the axis and incieases without
.bound when 6 = 1. The temperature profile as a function of rélative
radiﬁs is shown in Figure 35. The temperatures depend ﬁnly on the pres-
Hsure gradient, the specific heat per unit volume and on the location on |
‘the radius, Fluid viscssity-and'capillary diameter does not participate
in the'determingtiqn of the temperatures. For a typical pressure drof
of 500 psi over éﬁe length z the equation (15) giﬁes the'following tempér—
ature profile af 2t - .
AT = (500/140) 5%/ (1 - p2)) oF - ey .
or

AT': 32/ - 52y °F - o an

Equationg.(ls)fand (16) are obtained with the éséﬁhptipn of constant.
viscosity.. Ihe shear rate is pr0portibna1 to 6.and the ﬁeloci;y.is
proﬁortional ﬁo (1~ 52) in this situation. o

| A temperature dependent viécosity can be infroduced in. order ﬁo
estimate the increase In volume flow, and.thgteby the'decfeﬁse in épparv
ent viscosity, due to heat dissipation. Shear fates and fluid veloci-
ties can be determined when the temﬁér$tufes as'déséribed Sy equation
(iS) are assumed. An increased flow rate can then'bé found direct by '
intégration of the velocities. The decrease in apparént viscosity are
thereafter found by the ratio between pressute drob-and increased flow
. rate. The assﬁmption of an unchanged temﬁératuré'brofile represents aﬁ
apptdximation which can be justified'oniy within a certain.in£ervé1 ﬁf

applied_pressuré drop.
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ODIMENSIONLESS
TEMPERATURE

Ap = 500 psi
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Figuré 35. Temperature Distribution in Capillaries for- the
Case of No Heat Conduction in the Fluid.
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‘The dimensionless.veIOCity profile thus detefmined, by aSsﬁming
ﬁhe temperatures of equation (15) and assuming an arbitrary temperature
viscosity rela:ion,'does not depend on capillary dimensions or materials,
(Equation (15)). The relative bhangé in'flow rate through different
capillaries of fhe same liquid wiil thefeforé depehd-on pressure drop
alone over the qapillafies. The flow curves, measured apparent vis—
cosity, proportional tolap(Q:, as function of shear stress, will conse-
quentiy have the same configuration but will be displaced in the direc-.
tion of the shear stress axis according to the actual length over
diameter ratio for the capillary in question. -

Equation (15) shows that the temperature profiles are inde-
peﬁdeﬁt of the viscosity of the fluid. Distortioﬁ of the velocity
prqfilés ffqm tﬁé parabolic form, change in volume fldw rate and the |
change'in'méasu:ed apparent'viscosity are thereforé:also.independent

-of viscoéity level but depend on pressure drop alone, 'The fl&w curves
for diffé:ént_viscésity levels are df.the same congrﬁent form aisﬁlaéed
through a translation along the viscogity axis alome. 'This resultlthét
the flow curves fof'a fluid afe of thé same form indépendeﬁt of capilé
.lary_cpnfigurainQIgnd viscositf level was obtained aslexpefimental
observﬁtionsiindi§iduail? for each fluid during the mgaéurements on four
flpids of ﬁidely different properties, de#cribed in ihe p£eceding chép-'
ier;  o o .

.In a comparison bétween two fiuids different teﬁpérﬁturé.viécoéity
reiaﬁioﬁs ﬁust'ﬁé aésumed. An exponéntial_tempefature'fiscosityIrela-
tion of the form | o

(=n,exp BATD,  a®
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is of sufficient generality to describe properly the viscosity behavior
of fluids for a range of AT of 10 - 20°F,.which is the order of magni- _.
tude of the témperature increase of interest, The fluid under.compafi_
son which is the least tempefature senéitive with Tespect to viscosity
changes, with the smallest temperatﬁre viscosity'coefficient g, will

- show the sﬁallest deviation in measured apparent viscosity for a givén
pressﬁre drop. It will show the same témpetature ﬁrofile as the temper;
atﬁrg profilé of the more temperature viacosify sensitive fluid under
comparison however at a greater pressure drop corresponding to a

greater temperature increase, in accordance with equation {15). The

pressure drop nécessary to give the same reduction in measured apparent - -

viscosity:(measﬁred total flow rate) can thus be determined from the

expression
BAp.ﬂ-constant S : (19

_'valid-fbf both fluids.under compafi5§n. uTﬂe ratio_of pressure drop..
appliéd for the two fluids are inversely propor;iqna; to :heir-témper-‘
afure viscoaity coefficients and therefore constént; Flow_cﬁ:ves with
this:proPgrty:will be plotted in a lnt, shear stféss, iﬁn, visébsity,
_preseﬁtafioﬁ, which are.used béth in.the preceding chaptef and in.this
chabtér forlplotting of Eloﬁ curves, in the.séme configuratibn hﬁwévér
16catéd at different.poéitions aleng the t4axis. .This fesult'that.the'
flow curves of différeﬁ£ fluidé were congruous with a common standard
form of Elpw.curvé was also an observation done during the evaldaﬁion

of the measurements.
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The temperature viscosity relation

(lon = A/TQ)Ip ‘ (20)

© yields a more nearly accurate desdription of the visdosity behavior

with a validity range of 100-200°F for many fluids. It can Be shown
that the flow curves will be congruent with the general standard curve

even for this greatly extended range of temperdature changes. Assume

. that the two fluids under comparison in thé extended range of temperature

changes are desgcribed by

*
* * *Ql _ .
ln ny = AllTl for fluid 1 : - {21)
*
In ny = A3/T) for fluid 2 (22)
and -
* * . L - .
nl = nz (> 1) - | (2_3)
therefore
*
% xQ1
Ei .T1 . .
* = Q* (24)
AZ . 2
.T

*****

' Al A Q Q. T T are presumed known A Eonstﬂht a, can then be deter-.

2 1 2

mined such that T = 3 T*.
-2 cl

two fluids 1 and 2 will yield

Changes in viscosity AnI aud'An; for the

. |

Ay (T] + AT o .

;; = % ' (25)
2 %

k%
(T2 + ATZ)




%
AT, = acﬂT
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when

*

%
Any =mn, (26)

: : . : o
The condition Anl = An; implies however the same change of flow rate for

the two fluids in the same capillary. Equations (24) and. (25) imply
% ' |
2 1°
for the two fluids ﬁili therefore be plotted in an identical form in a

Equation (15) then yields &pi = ac&p;. The flow curves

Int - lnn diagram nowever at difrerent locations along the T axis. The
conformity of the flow curves are thus not limited to temperature changes

of about 20°F but can be expected over much greater temperature increases.

It has been shown that the flow curves will be of identical form
irrespective of fluid type, viscbsity level and capillary.configuration
in a capillgry experiment. The assumﬁtions for the apﬁroach were thé
asaumptiqﬁa bf Tablel.wit-h'kt =I0. Tﬁe temperaturé:profilé wﬁs deter-

mined with constant viscosity. Thg total flow rate was determined relax-

ing the assumption of constant viscosity in calculations of velocity gra=-

dients and velocities. No thermal feédback as cd:rection to the temper-
ature calculation was assumed. Liquid behavior of the fluid was
assumed. The generai characteristics thus derived afe ;onsistent'with

the experimehtai results.

Flow with Radial Conduction -

The general form of the flow curve will be modified'fo some extent

‘when heat conduction is present. The temperature profiles can be achieved

through solution of equation (13) with an approximaté_method.

Nondimensionalizing

‘Introducing the variable
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9=T/E z =1l - - an
where E = A(IIQ)
and the patémeterS'
RL = (-p,_) R'/4Lnc = R2 = (-p,_L/c,p B (28)
z z :

one obtains for the derivatives
8, =T, L/E o8, =T, R/E 6,_,_=7T, , R°/E {29)
w z 5 ’r_ _ e T o
in that p = r/R
Equation (13} then becomes
(-R1) 8,,(1 - 5°) + 0,_,_ + (1/Fg_ + (R1) R)FZ = 0 (30)
o ) b o -

with 8(1,0) = 0 and 8(5,0) = 0

Apprdximate Solution

Temperature Distribution. The ‘term containing e,m suggests solu-~ \

tions with an exponential expression, e®”. The range of interest for

the solution is the locations immediately downstream of the inlet where

S

sw is expected to be small (sw << 1). The factbr e~ can therefore he

approximated with' 1 + sw. The condition 6(5,0) = 0 leads however to the

_product type expression

Q (323) a (1) .
.nj -

8 = sw

o~ m

as the assumed dimensionless temperatures, a series expansion, as a

poSgible'apperihate solution. The temperaturé of the fluid along the
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capillary axis will not increase discernibly during passage at a rela-
tively short capillary. The centerline temperétﬁre is therefore

assumed to remain constant in the solution. Terms of the form (1 - EZﬁ)

will give a dimensicnless temperature at the center equal to the sum of -

the coefficients_aii and- also satisfy the condition (1,w) = 0. The
series expression for the approximate solution was therefore selected as
: it . - :
6zo ) sl -5 NG
I :

Determination of the constants of equation (32) was carried out by tﬁe
cnllocatiop_péthod. The calculations were performed_on a coﬂputér.n A
prﬁgram which would accept up to eight collocation points, ﬁ,lﬁas cre—
ated.. The program finds the coefficients aﬁ for Q - 1, at the exit,
calcuiates the temper#tures at the eight radialiy displﬁded collocétion.
points, and'dgtermineé the deviation from zero when 6 is inserted in _
equation (3b)- The program is found in Appendix E. Ekeéution time ih_.
about 250 msec. A typical flow situation for the sﬁppﬁire Capillary is
Ap = 500 psi, n = 3000 cp and E = 2000°R which gives Rl - 1140 and

R2 ~ 1.585 x 1073, The temperature profilé is shown in Figure 36. The

maximum temperature is located at P ~ .9 The magnitude of the maximum

is 8.8°F at the exit which gives épproiimatély 4140F ﬁveragé'témperaturé 
incfe;se at that radial location. fhe figﬁre-shows also:the tempefa—
ture profilé at'ﬁ = .3. The maximum témperature is 5.?0F'at B = .93;
Ihe selected expressigﬁJfor' .equation (325'gives_thus the corféct“trend

in the solutions obtained via collocation. It can also be seen that the

magnitude of the temperature peak is not proportional with axial position

E—':":.




| gg
% 3%
f 2w
T !E
: B
| 0

| E = 2000 °F

- T k= 10607 in2reme _ ' 2
Ii o 10

b
DIMENSIONLESS RADIUS

Figure 36, Temperature Distribution in Capillary O,
: Heat Conduction Present. o
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w,  This is in'general true at all positions, for § greater than
about .7, where heat conduction is significant.. Heat conduction is-
-not aignificant in a center core, p < ~.7, and temperature increases
are seen to be proportional to-axial displacement in this region;. The
figure shows also the temperature profile for a pressure drop of 1000
psi over the sapphire capillary. Temperatures in the'center core region
is doubled compared to the temperatures when the pressure drop was 500
psi. The temperature peak at dp'= 1000 psi is however mnch more pro-—
nounced with a maximum of approximately 23°F at p -_.92. |

Figure 37 shows the contributions from convection, conduction
and dissipation from eqnation‘(30). fhe preesure drop is 1000 psi. The
profiies are calcuiated at w = 1. _The dissipation nrofile'is the same
when m.= 0 as for w = 1. The convection profile is a mirror picture
aoout the E—axia'of the dissipation profile when\m = 0, ConVection
_removes therefore the total amount of generated heat when w = 0. -The
generated heat is seen to be removed primarily also by convection even
when w=1. Conduction, in radial direction, sends an estimated 15% of
the total dissipation heat tc the capillary wall when w = l. This happens
in the region § > 86. .The total amount of heat conducted away to the
walls can be estimated to be of the order of 7. SZ for the total capillary
length assuming as an approximation that the conduction contribution '
_ 1ncreases linearly with w position. It is seen, at w =.1, that a small

amount of heat is conducted inwards when p < .86. The heat conducted

away to the walls is a relatively small proportion of the total generated

heat. The generality of the flow curves when heat_conduction 1s absent
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DIMENSIONLESS HEAT FLUX

Radial -
Conduction
0 ) 6 5 8

Capiltary ©, Fruid 0
x = 10BA0Y inlisec
1. kesi :
" ' . .
4381074 Reyn (3000 cp)

3 £ F

Axial
o Convection

Figure 37. Heat Balance, Capillary 0. Axial Location:
@ = 1. (The Heat Flux' are nondimensfonalized
“with respect to the dissipation atpg =.1.)

L
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will, therefore, expectedly tiansfer to the case when heaf pénduction

1s present with some slight modifications. The small amount of heat con-
ducted away suggests also that the capillary measﬁrements are strongly
fnsénsitive to the degree to which the desired condition of isothermal
wall is satisfied. This inéenéitivity is consistent with observation

during the measurements.

Calculation;dfTFldwfRate'

The program which determines the temperatures at the collocation
points calcuiates further a velocity profilé and a flow rate at w =1
under the assumption that the shear rate is modified by exp (BAT)'where
B is the tempera;ure'viscosity coefficient for an exponéntial'viscosify
dependency of the fluid temperathre and T is the'teﬁperature increase as
calculated through the preceding steps'éssuming constant viscosity. fﬁe

temperature increase AT is
®

AT = 8 x E | | (33)

A éhorg sériés of caiculations of volume flow rates waé.ﬁerforﬁed withL
Fhe_ppogrﬁm. Expoﬁential température viscdsity coefficients g in'thé.

rangg.éqrféspﬁnﬁiﬁg to the coeffiéients for fiuid_D and for the dimethyl
siioxaqg were.sélected.  For fiuid D which has a.Q:exPonent of'abou;:  |
2.2 in.a lniﬁnflnT ﬁresentation an exponential poefficiént df .03 was

selécted. A ;béfficient of .015 was selected fof.fhe_silokgne which is
lesé,fem@erétufe viscosity sensitiﬁe. Theuﬁemperature E was assume& to

be 2000°R'common for both cases. AT was thus

AT = 60 x & for fluid D (34)
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and
AT = 30 x 8 for siloxane - (35)

'Celcelations were performed with the pressure drop incteasing with e
factor of 2 fer_each step and beginning with 250 psi. The series ended.
at Ap = 3-4000 ﬁsi in_that higher pressure drop were considered to ceuseg
..uneccepteﬁle'deviations in the assumptions made fot tﬁe.calculation.'
An apparent.viscqeit? defined as Apfcalculeted total flow rdte was
determined; Figere 38 shows a plot of tﬁe ealculated_flow curves fer_
the two medel'flﬁids, representing fluid D and siloxaee, as generated
in situatione equive;ent with flow through capillary.ouand capillary 1.
~ The flew curves'follow accurately the_standard'flow curve which_wae.
found to be a common cqnfiguretion for all the_experiﬁentel measured
flow curves. The calculated flow curves are furthermore located very
'near the actual position along the T-axis of the measured flow curves.
Eor-fluid D and siloxane.

: _Hhiie the agreement between measurements and a calculation is
: remerkable it does not rigorously determine that viscous heating is the
-eely meehanisﬁ gehefetieg the apparent-ﬁon—Newtbniae fiaw eﬁfves. The
calculation procedure approximates the actual flow 31tuation iu the
capillary -However, the example, together with the evidence collected
dqting measureﬁente'end evelhatibn, shows that;theainvestigated fluids
éfotebly are-Newtonian in flew ptepertiesnup to.the'highest sheer

_stress applied. .
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10
Apparent
Viscasity
Normakized
with low Shear
Viscasity
10
:161_
|  Symhetic Pusffinic Dil: SPO ' '
Siloxane T sl
B : : 1 _ — _ - .
10 - 10° o 107 dynjem? 10°

Figure 38. Calculated Flow Curves for Synthetic Paraffinic 0il and
Siloxane. (Apparent viscosities are normalized with the
low shear viscosities.. Both capillary 1 and capillary
0 situations are shown.) ' :
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CHAPTER 1V

NONISOTHERMAL STEADY PLANE LAMINAR COUETTE FLOW OF
A LUBRICANT BETWEEN PARALLEL BEARING SURFACES

. Flow with Constant Viscosity

The asteady ﬁlane Couette flow with constaﬁt'viscqsity is
thoroughly described in the literature. Textbooks, Pai (53), éive tﬁg"'
case.as one of the exact solutions to the Naviér—Stokes equations. The
energy dissipafioﬁ is constant throughout the film as both shear rate
and shear stress are constant. The'temperatufe ﬁrofile is a linear '
éombinatién of two conduction terms. One is due to a temperature dif-
ference between the walls, and one is generated by the energy dissipa-

- tion in the film. |

Thé assumption of constant viscosity is justified fof only
relativeiy small tempefature differences due to the strﬁﬁg temperature

dependency of the ﬁiscosity-of most liquids.

Flow with Temperature Dependent Viscosity .

Review of Solutibne

The literature_ has several solutions where the teﬁperatﬁre
dependency:of the viscosity of the lubricant is taken into accuunt.luThg
solutions are, in most cases, only'fﬁr specifid ;empératuré viscosity
relations, which fﬁrfhermore give incoﬁplete accuracy of the viscosity

prediction for the relatively large temperature differences encountered

‘in an elastohydrodynamic film. Usually the solutions are intended to be. '
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applied to thick film lubrication. They give better accuracy for thick
film situations because the temperature difference is smaller than in

an elastohydrodynamic film.

Kingsbury 1933 (54) used a hyperbolic temperature viscosity rela-—

tion for a thick film, low pressure situatioﬁ. His method of solution
is graphic and_can adcommodate any viscosity function, whéther given
as aﬁ_analytic eiptéésion or as experimengal data'iﬁ table form. . Hagg
1944 (55) pérforméd a similar investigation of low preséure films.
The'tQMperature'viscosity relation was limited to the exponential case,
and the mgthod'of'solution was analytic. His'reéulfs are presented
primarily iﬁ ;efﬁs of shear stresses. Température differences;in.the .
experimenﬁal part qf.thesé two reports afe of the order of 50°f. .

Shear rates are _about'lO5 secL

. Shear stresses are less than 1 psi;
that is, approximateiy 103 times lower than the shéaf stress in a
ﬁypical_eiastdhydrodynamié film. o | |

| ..Regifer.1958 t56) treated the casé.of an afbitfary &epéndénce
6f the visgosiﬁy on temperature. This analy;ical work-is prbfbund and.
thorough. Théjinvestigation ié concentrated on deférmining the shear
stfesseS-aAd the velocities of the lubricant. dné iﬁpﬁ:tant'feSult.ig
the deriﬁatieﬁ'of'exﬁféssions for thé shear stress and particular

- expféégiqnslfof ﬁhe limit of the stréss when the méiimﬁm film tempéf;-
;ﬁré incfeﬁs;é'ﬁeyoﬁd bodnd.. _ | | | | |

Crook'19éi.(57) and Bostandzhyaﬁl et al., 1965 (55) studie& the
e#poneﬁtial témperatpre §1scqsit§ relation and g#ve resuiﬁs.ih'ﬁerms.of
viscositieé and temperatures through the film. Cr&ok ﬁOrked primarily

with elastdhydtodynahic films., He limited the investigation to the
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situation of the same temperature for both walls. Hunter, et al. (59)
used the exponential relatioh, but in the case of a wedgé-shaped low
pressure'film;

“ None of the investigations diséussed the physics of the problem,

The inherent limitations of the amalytical approach imposed by "the assﬁmpf'

tions are nof mentioned. Only Bostandzhyan (58) remarked that the equa~

- tion to be solved does not admit arbitrary parameter wvariations.

Problem Formulation

The 1ubrication situation considered 13 the flow of a viscous

'liquid between two parallel bearing surfaces as shown in Figure:39.

‘One surface 2 is moving with a constant velocity u, = UN in the

1

Xy direction. The other velocity comﬁonents u, and u, of the surface 2

in the x2 and~x3-direction are assumed to be zero. Surface 1 is sta-
tionary. Thé temperatures of the surfaces are coﬁstant;fl'and T,. The

pressufe_is'COnstant. 'The temperature viscosity relatioﬁ assﬁmed is'fhé
formulation Ilnlnn = 1n A - ¢ 1n T described - in.Chapter 11;__'Theff

tempefature viscosity relation contains two materialsconstaﬁts: a cﬁaf;
acteristic temperature (E) and a characteristic pressure (q) besidea the
E =Al/Q

two variables, temperature and viacosity. and p(q = Q where

p is the pressure. The equation is

p/q o

.where.cliis a dimensioned constant ¢, . E h&é”éhé'&iﬁéﬁéiéﬁ“sf
®Rankine and q has the dimension of 1bf/in°. E and q are functions of

the pressure p.
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s S S fwsS S S -

x3, u, Viscous Lubricant
F(n,T,q(p),E(p)) = 0
I \ \\ \\\\\
1 N A '-
Coordinates with Dimensioﬂlesé coordinates:
dimensions:
X, z
A 4
uy X, v v
u, v
- X, 3> X
u u

Figure 39. The Lubrication Situation, Flow of a Viscous
Lubricant Between Parallel Bearing Surfaces.

1

T

1
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Steady state conditions and laminar flow are assumed. The

assumptions are summarized in Table 10,

Table 10. Assumptions

1. Steady state conditions, Lamipar flow.

2. uy = uy(xy) only; u, = 03 uy = 05 v, (0) = 05 u;(h) = (UN).
3. p = constant

4. Body forces are zero.

5. T

T(xa) only; T{(0) = T. = constant; T(h) = T, = constant.

1 2

6. p = p(xz,x3)
7. c, = cv(xz,x3)

8. kt = kt(xl,xz)

Equations

Cartesian coordinates are applicable for the physical configura-

tion. The equation of mass conservation is

Ps, + (pud,, =0 i=1,2,3" @

The equations of motion are
1,2,3
where

= - k i = 4
Tij -('Auk.’k p)ﬁij + n.(‘ui’j_'+ uj,i) i,j,k=1,2,3 ( )
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- and

l =-—2n{3' I . ) . (5)
The energy eqﬁatioh-is
D(En) ,  DL/p) _(x 7 a1 ey

ﬁheré the dissipation functioén is

(2 .2 .2 1 - cu . 32)
(o= 2nfu),y +upey bugy - e+ gy +ug, )

2

s +_n[(u1’2 +.u2’1) + (u2’3 + 03,2);
+ (u,,, +u )2] - T (7
3’1 1’3 _ ' - M
The-témberature viscosity relation is
ey i (1P o
0= e e EE/D o (@)

The asSumptions 1, 2, and 6 satisfy'the'equation-of mass con-
servation (2)."The assumptions 1, 2, 3, and 4 reduce the equation of

motibn to
e

' nuysg é.constan;' | o ' '-(9)
The strésses:reducg throughlassumptions-2 and 3 to
T =P i=1,2,3 - 1 (10)

and '  o C . . . - B L)
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Ty3 ™ Ty T Wysy - an

'Equations (9) and (11) shoﬁlthat theé shear stress is éonatant in
the film.
. The energy equation reduces through assumptions 1, 2; 5, 6, and

7 to

o -(kth3).34-nui,3 =0 (12) "

The viscosity function is conveniently-rewriftéﬁ in the form:
n = ¢ |n(T,q,B)| N ¢ &

1'has the units of the viscosity. The nhmericél

vaiue-of ¢ is unconstrained except, of course: clﬁi_o. The equations

.such that the constant ¢

~ are thus reduced to the following set:

n = ¢ u(T,q,p) s
| Myag T comst = Ty = 100 oas
(k.T Yy t nu2 -0 S (16)
LI RS . 5

' Nondimensionalization
Introducing the variables

!

8=1/E  u= uy / (UN) Cae x3/h .(l?},

and the paraméters
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M= T1/E .rz - T2/E T, = p/q | : (18)

= ¢, (W)?/2k E = th/e, (IN) | (19)

s

=
£~
I

one obtains-fo: the derivatives

05, = :, h/E 8,5 = Taqqh /E R | (20} .

Wy = upgh/ M @D

- The equations'(14), (15), and (16) then become in non-dimensional

fbrm:'

o "3 . oy
nfe; = u(B,my) = e (22)
| uu,éfi "5 _' - o .(23)
and_
q;zz b2y, = 0 - - _.(241

The boundary conditions for (24) become: =

wo) =0 6(0) = m
. - (25)
W) =1 e =W, ’
The Shear Stress in the Film
Integration of equation (24) yields:
0, + 2, u=-e, (26)

3

2
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The boundary conditions give:

B,Z(O) = ey 8,,(1) = ¢

2 - 2n4w5- | QP

If one defines the auxiliary parameter T to be
= (1)/: i - - 28)
r B’z(l)ZZFA?S._ _ (28)

then the conmstant <y is:

e

2" gn4j§(1+r) | o .(29) o

and the_equatibn (26) is- . ¢

6+ 2mw (u-(14T)) = 0 o .qu?-

or’

. e,z/uw4 + Zu,z[u-(1+P)J = - : (3;)
Integréting e'quétion {31) once yields:
2

e dgl R N A ]
-[lhl"].ﬁ _u(e’@-rfo d(z7) = 2(1+1) JO_ dz

=0 - (32)

3

as 6 = 6(z) only and u = u(z) only. Tas Wy Wg oare constants in the
following defivation._'Equatiou (32) gives:

Su(ﬁ,ﬂl,fs) + 312' - 2.(1_+I')u =0 : _ (33)

‘or
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um () (D) - sue,np,n) Y2 (34)
whefe- .
) . . 6 'dE )
- Su(®,my,m = m, le_u(ﬁ,na) (33)
Equations (30) and (34) show
- + 2 __ 1/2 | g
u - (14T) = ¥ ((1+7)° - Su(e,ﬂl,n3)) a - 9 /2«6 5 (36)

- furthermore 7, >0 and . > 0.

The sgigns of eﬁuation'(Sé) are therefore appliéd as + when G,z.é 0 and -

when 9,2 > 0._ When e,z= 0, the square root expression is zero and
- u=14+T. From (33). 1t is seen that: |

$u(ﬂ2,wl,y3) 5_2r +1 or I'=ﬂ% (SU(né,ﬂl,nB) - 1) | (37)

So far in the derivation, only thrbhgh'n4 have been involved.

1
.Thé 100#1 lubfiéant vélocity in the fiim is expressed;as fungtion of._
teﬁperaturéS'and méteriﬁl constants (eQuation 34)&. This.ieada directiy
toa statement of the maximum temperature attainable 1n the film.

It may be added that equatlons (33), (34) and (35) could be
derived directly from equatlon (31) by integration after elimination of

z as vgriable. -

In order to obtain éxpreésions for the shear stress in the“film,"

‘an integration of equation’ (30) is carried out, giving:
e.. 2 . '  .
- - u | o :
‘[ dE + 7 _[ pd(e2) - 2m, % (1+r) j' dg = - (38)
Sy Ay . 45 R
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By squaring and differentiating equation (34)

Cd@d) = (Ut aenan? - sue,r 1) Ve 9
and equation (38) reduces fo_.
t2m,moz = Jlﬁl(.(l-l-r) - Su(g,“lTl,j1l3).} | & . (40)._ :
 f:om which in the limit of z = 1 and 6 = w, one gets )
. ) m T ’
a2 2 2
| 1 _ el -
g = s pf, camf ey
o T o
-m ] w2 41)

: The sign convention for equation (41) is that of equation (34): + for

| -B,z < 0 and - for e,z_>_o.

" The transformation (39) is not defined when Su(e,nl,w3)_- (1+1)2 E

ﬁhich happens for.e,z =0 (d6 is zero'here).. The integrai (41) is
therefore improper if the maximum temﬁerature in the f11lm is located .
_in the intervdl 0 < z <1 (or if 8,, = 0, for z = O or z = 1). A com-

parison with eqdation (38) which essentially:is'the same as equation

(41) will verify that the integ:al'of (41) 1s bdﬁﬁded; The 1ntegratioﬁ :

may appropriately be carried out, if T _ (e,z_- 0) is lbcated in
0<z=< 1, as separate operations in each of the two subintervals using

the correct Aign;
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It may be édded thaé';&hétibns_(40)'of'241)-could.be_derived_

" directly from equation (30) substituting equation (33) snd integrating.

| Thé Maximum Té@peratnrézin_the Filﬁ
| The_ﬁaximum teﬁbe?ature.is-located at one_of-fhé.boundaries'_.
(z = 0-6: z = 1)_1f'e,z(0) and B,z(l) both have'the_aamg sign or-if one
of ﬁhe gfadieﬂts are zero, The méxiﬁuﬁ éemperatﬁ:e ia.lbcgﬁéd'withiﬁ
the film in 2ll other cases. | |

thatibn (30)'shbws “that 1if 9,z = ¢ then

ule-_.z_0 =1+T I (42)

It is'§resupposed ﬁhat,the range of interesﬁ does not contain:

na'--O - “Sf ;(w& =0 =b(yN) =0 .or kt =® por E ==,

- W = 0=h=0 or =0 or _(UN) = m)._.
Table 11 shows temperature and velocity profiles for selected
values of r. It is seen that
esz =0 oﬁly when .' -1 SII‘ISI o. h (43) ..
Equation (34) and equation (42) imply:

(ut)

@) = 8@, m) g
. _ max
or-with'equation:(35) and (37) equation' f#ﬁ) becomes
. R S e

e-emax




Table 11. Flow Situations for.the Film, Su = Su(ﬂz;nl,NB) u3, T, Constant

4

u -8 .
' €, < 0 : at;2;  Q} and B,z
é emax > “2 at 1: Q+ and G;z
3 | ' 8 pax = "1
f ANNN RN NN NN NNN :
ol . . .
. . ] |
. 2. . s . - - R z -
- : ! Su=-1 emax > wz. at_l: Q=0 and B,z
2 v ®pax = "1
AN RS OSSNSO NN ; .
poiosssre iz LLLLLL 9 -1 <T < _% ¢y > 0 : at 2: Ot and 6,
— - 2 : _ . K z
' ; -1 <8u <9 .emax > nz at 1: Q4 and B,z
%mx>“1

- =continued-
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"Table 11. Flow Situations for the Film. Su = Su{w_ ,7. ,7m,) 1r s W Constant
2 1 3 4
(Continued)
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" Table 11'... Flow Situétidns.for the Film. 8§
" (Concluded) ' :

u-= Su(ﬂz,ﬂ1,1r3) 17:'3,. 174

Constant.

_ R 1 L - -
YOO P /E/_///////z . . T >0 - ' ¢,

>0: - _.'at2:

 at 1:

Qv and 8 >0
=7 Yz

64'and_e,z > 0

E
4 ' & : 8 >n
-, _ 1 max 1
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which can be written as

Tty <0 GO

 The béhﬁviaf.of emax(“Z’"l).ia il}ustfatgd.élso in Table 11.

| Table]l.shows Ehat heat sﬁurces must be_preSent_butside the film
1T < -lorT > 0. The situation of viscous heat dissipation in the
 film without extéfnal heat'sources_is'found when T 1g.inlthé interval
félls_r_g 0. Thése'conclusions can éisq-be deduced directly'frbw equa—_
:ioﬁs (2?), (28), an& (29). It is seen from Table 11 fhat |

Ty <O and Ty < Oy whgn | 1.< T <0 (_7)

2] - Ty when ' = 0

_emax =m ~when T w-fl

Youte) U8

(emax)iﬁi-= a- Su(“z’“l’“S)) x “(amak
or N
Y, >0 W -1 = : : - ; 49
(Bma.x),1Tl ?.0 "when =1l <o < 0 _ _ . (. )
because'Su(nz,nl,nj) < 1 when.f1 SiT <'0f igblelﬁ, and_u(gmax-(zu(nl) > 0.
Cohsequentiy:_ '
]

maxl'rafl > emaxl-1<[‘<£_l_ . - | {50)




127.

also:
max T, when re O _ 1
: (51)

'-edax =% when T ¢ -1

| Equations (50) and (51).etate that the nigheet attainable_filn
temperature iaalocated at one of the bearing aurfacea. A temperature
extrenum which is found within the.film will be of smaller magnitude
than the highest attainsble temperature although it in itself 1s a
temperature maximum in the'particular lubrication situation.
The parameter I' is equal to —l when the maximum film temperature
is located et the stationary surface, This case is significant becauae

all other flow situations can be derived directly_from it. -

~When I' = ?1, adiabatic conditions exist in the plane z = 0. When -

r f' -1, in-[-l 0], there exists a plane at some z = Z0, 2 tO 1] where'

_adiabatic conditiona and symmetry exiat with respect to temperatures,

heat fluxea, and velocity gradienta. The velocity at z1 ia easily found

(equation (30)) as

"u(z‘l)f-i+r | G

Also the velocity difference u(z)-— u(z ) is seen to be eymmetric about

the plane z - z1

" The caae of adiabetic conditions at one of tﬁe bearing surfaces

'is alao important because many lubricant filma operate physically under

conditiona where the major part of the heat generated by the energy dia—

sipation:ia conducted_away through only.one.of the'surfaceee The other_
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surfaee.can'therefore be approximeted with au'adiabatic wall situation.

The Adisbatic Wall Condition

The eondition of no heat flux at wall number 1 is equivalent to

P'%'-l or Su(ﬂz,nl,r3) = <1. There ekists a'symmetry of the flow situ- _

ations with rTespect to the.éarameter r aboutithe value f -'-1/2; No heat
 flux is found at wall number 2 (the mouing ﬁeariug surfece) for |
l Su(ﬂz.ﬂ1;ﬂ3)f?'1; Thie situation_is phyeicelly the same as
'ﬂSu(nszl,ra) = -1 if the dimensionleee'uuit-velocity is 3ubtrected froml

- the arrangement.

The conditionjof.no heat flux at one wall or bearing surfacefcan:

therefore be obtained from the definition of Su, equation (35)
17.2 .
- RS P
: “I u(e,n3): dg = +
RS : -

oo (53)

2 ™M

The temperature at the. adiabatic bearing surface is the maximum

The sign % correspond tom

temperature that can’ exist in the film under the aeeumptions of Teblee 10'

i andll,and the extra aesumption that no external heat sources influence

the film_temperatures.

| Ouly four.uarametere.ﬂi - w, are involved in its determination.
Film thickness is not an element in the perameters “1 - w4 and therefore
does not influeneejthe highest temperature that can be“maimtained in.g
£11n. I o | |

The upper limit for the temperature in any lubricaut film can

'be determined 1f- the following properties are known ' the bearing

e



Adi.ab.atic

— e ————————————1

' rapidiy_with de¢feasing ﬁz(Tz). The contribution from the low tempera-

'na_is the slope of the atraight_line'charécteriétic on the rectifying |
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surface éeloqiﬁy (UN); che coefficient of hea:jcondﬁction kt,of_the’
1u5ri¢ant, the.temperature Tz of the moviﬁg béariﬁg surféce énd the
viscosity as function of pressure and temperature.  |

The solutions are usually not found to be aensitivé to the

accuracy. of ﬂz (TZ)' The integrand 1/u of equation (53) decreases-

ture region becomes therefore insignificant below SOme'tempefﬁtufe T2.
'A'diégtam has been prepared which_willjiet_the'éolutidn_of equa—

tion (53) be carried out in a few graphical operations,

* Graphical ;Represéntation of the Statement -
" of_the Maximum Film Temperature

'Thé_;émperature viscosity relation equation (1)

p/q - e S
n = cle(E/T) o a

'is_uséd fot:thejgfapH1cé1'présentation. It predicts lubricant viscosi-

ties under elastohydrodynamic conditions with'a-satiafﬁbtory accuracy as

diébﬁssed:in'Chapter-II. The relation éan:be written 88“-

3 : L N
E/T . e |
e @ ey
whiéh.fof'constﬁdt.bresaute.become
Ceeeu@® (s5)

E is ‘the temperature (OR) at ﬁhich.the viscosity_ié equgixto_e';entipoise,
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— o —_—

‘ | o double lo'aingle;ln diaﬁram, ¢, is a unit oarrying ooostanf (=1 |
i. | centipoise) T is in Rankine and n ig in centipoise. 6a1culations are
ﬁ L usually carried out with Reyn as viscosity units and the constant cl

‘ thus becomes (6 895 x- 10 )~ ; The actual value of u(e T ) is the

P ) _numerical value -of the viscosity as measured in centipoise.. The_equaf

tion (53) is expressed for the graphical, approximate, general method

of aolotion as ’

I YT Cmem e

; B ' -(8) | - : o . (56)
l o '.'_J‘-ne .dB _iﬂ-’-l : 1r2'.>1r1-b-+'. o '

l. | o The inteéral'term is plotted in'Figuret‘lO'for"'w3 - 1, 1.5,'2; )

i : 2.5, 3 and 4. The entrance to the diagrao is throogh*ﬁ'-- Intersection

2
_of'the vertical line “2 with the appropriate, interpolated 13 value

gives the value of the term:

L=f we e @y<wy 6D

The“value_of the oarameter ra'ie_edded-to Ié giviog-ll

| b o RO
NEEREPAL 2 I - R o

I _]'1T w(e)'d8  (ng << m) (58)

' Intersection of the horizontal line 11 with the apprOpriate,

interpolated Ty value gives the desired “1 value; .

The maximum temperature in the film ie therefore thus found as
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" Figure 40. Dimensionless
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Tpax ™y % E R (59)
This.is'the'usximum tempereture'thst can be oeintained'by viscous
dissipstion in the film itself 1t is reached only under adiabatic
conditions at one wall This is a situetion where the generated heat
is con&ucted'aosy to one side-slone through_the totel film thickness.
The.temperatures_in the film are lower under non-adisbatic wall condi-

tions, equation (49) when the generated heat is conducted a shorter

. distance than the film thickness away to both walls.

The condition for the maximum sttainable film temperature,
equation (53)s'is obtained directly from the integrated
eoergy equation (31) and the result of a further integration, the
expression for film velocities equation (34) by applying the adiabatic_'

condition at one well This condition implies <, =.0 I'= -1

' B, (1) = —2ﬂ4 5i and thereby direct Su(nz, Moy W ) = -1 which then in

itself is the condition for maximum temperature, equation (53)

Equation (49) shows that this is the absolute maximum film genersted

temperature.'

| Auxiliary diagrems to determine the actual properties Ty and E
of the 1ubricant might be necessary. Appendix F describes such graphs
and.the use. Appendix G describes approaches to determine the tempera-
ture of the uoving surface. Appendix H shows the program used in cal-
culstion of equations (57) snd (58)in Figure 40, The program consists

mainly of a simple summation and requires about 600 msec (on a UNIVAC

1108) for each T3 ‘value. Slmilar procedures can easily be_prepared

_for sny desired viscosity temperature fuuction.
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Determinstion of the Shear Stress
in the Film Via a Graphical Solution

Equation (41) gives the general expression for the dimensionless

shear stress as.

R ACTE AR o (60) -

The integral is improper in the range of interest -1lsrso

which makes it slightly cumbersome to work with

The parameter “5 depends also on four parameters. It is difficult

to present this ‘golution id a two—dimensional graph. Two parameters are

in wost cases the limit for such a presentation.
A somewhat simpler approach 1s to'determine and graphically
present. the shear stress in the film for the case of.the adiabatic wall.

‘Symmetry considerations as illustrated in Table 11 can thereafter be - -

-spplieﬂ,

For this situation, of the adiebatic plane 1ocated at the sta—
tionary wall (wall number 1) at z= o, the expression for the dimension—

less shear stress (eqnation {41)) reduces to :

.

_1_,.5,--%_! [ 4J _u(gr) dg] - de .'n_-2<_1r1__._. (61)

because in this case

R I TCR N e 2
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and therefore equation (61) is

My o= (M, Ty, T) | | (63)

ins depends in'this.case on three persmeters ohly of which the

2 o
Figure 41ghows a graph of equetiou (63) for ﬂ3
2.5, 3 and 4 and for appropriate ¥, velues. The.rauge of T, in Figure 41

covers primarily the expected operation of elastohydrodynamic films.

dependency on parameter 7, in most cases is relatively weak.

= 1.0, 1.5, 2.0,

The program.used to detetmime ﬂ (Figure41) is found in-Appendix I. .

The interpolation procedure to determine w5 can be carried out

as two "5 determinations for the two T_'s nearest to the actual n. -value

3. 3

_of the lubricant. A straight 1ine between these two T_ values will

5
intersect with the'actual‘ﬂ33curve of the lubricaut-Siving an aPPrOxi—'

matiou to the desired actual dimensionless sheer stress “5

The shear stress in the film is therefore found as
T-. w5c1(UN)fh e
1.'and'(UN) are knovn. Information about.filmdthieknese must be

1'[5 [ud

aveilable;-from'meesurements or from calculations, in order to determine

'the-shear'stress;

The procedure to determine the maximum temperature and the shear

" stress has been simplified to solutione via two dimensionlees graphs and

atraightforward-calculations; The procedure has asaumed Hewtonian

behavior, constant retio between measured sheer stress end sheer rete,

of the 1ubricants as the behavior was found in the investigated shear_ B
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stress ranges'for dieSter,_polyalkyl aromatic plus_additire, dimethyl

_siloxane and synthetic paraffinic oil in Chapters'II_and.III.. The pro-

cedure can be used also for some cases when the lubricant exhibits non- -
Newtonian behavior, changes of the ratic between shear stress and shear

rate, particularly when the measured viscosity is dependent on shear

- stress. The temperature pressure shear stress viscosity relation must

be kunown. One approach is to use a T - p - n relation corresponding_to
an estimated shear stress. One or two iterations with-the diagrams,
Figures 40 and 41 are sufficient to obtain interpolated results with

satisfactory small inaccuracy.

The procedure assumes liquid behavior of the 1ubr1cant as it was-'

found in most of the measurements of the test fluids. The test fluid

. B3J which showed distinct non—liquid behavior at relatively low shear

stresses can not be expected to follew response as predicted by equa-
tions (35), (53) and (40), (41), or by Figures 40 and 41. Application
of-existing.rheory to predict film thichness might-possibli.also-he |
questionable for a fluid as B3J in as much as the theor} assomes liqoid

behavior of thellubricant both in the inlet and in the contact area :

itself. The capillary measurements showed non-liquid response at shear

stresses 103 less than the average shear stress. in the contact. The pres-

sure was 5 - 20_kpsi which corresponds to conditions far out in the_'

inlet region.to-the elastohydrodynanic contact.

: Determination of Temperature and .
Velocity Gradients in the Film

The description of the flow situation may. be completed by deter*

- minationsof the gradients-of;temperatures and velocities and finally
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-determinatioﬁ of the lecetion in the film.

The_eﬁear rate.is_found from equation (2257.“
w5_= uu, ' - o .: .. (22).
which is_' ;
.:#;5.- nsju(e)-- Hé(a,rl,ﬁz,ﬁﬁ,ré;rs)j. _' - (65)

The temperature gradients can be determined froul equation (30),

':which rewritten for the adiabatic wall case is

8,, =21, (- su(e, 70y ))1’2 o 66
or
| e N 1/2 )
.' sz _é"'?'ilz 5_.[_[ U(En“é)—l dE] SR (67)
. | _ | .

Determination of the z coordinates of the film is desirable for
the'purpose.dfta_graphical presentetibn of profiles7of velocity, tempera-
ture, and the gradiehts of these. The z coordinate can be_determinéd:

through equation (40) which rewritten for the adiabatic wall case is

z = 1/(2v:/2ﬁ5)f [f u(a.w ) 1d£] - dex  (68)
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The Caée of’the Nonadiabatic Wall

The results from the adiabatic wall can be easily generalized
applying the symmetry considerations of Table 11. Assumptions about the
wall temperatures must be- made in this more general case. Equation
(37) yields the T value for the film, and equation (45) yields e
| _ Equation (Il) will gife the'-rq5 vajue valid forfthe part_nf the film

9 in that 8. supersedes m. in (I1).  The result of the
SR Pax M s (- he resw

precéding chapter can be appliéd.&irécﬁly to the pért of.the film going'

from 9, tow
max

from o ' to “2’

reduced as shown in equatiuu (52)

in that the veloclity of the wall number 2 muat be

The z values of the film from e to “2 may be found from équa‘.

“tion (40) which simplifies to

, 1/2_ -, . 8 L 312 » o
2'H'4 .'H'Sz = _I i [ - f ]J(E,'IT ) dE] : dB* Tl'zs.es.em (69)
R | o | o

Theﬂétpré&sidﬁ (69) ;s valid only for'the:part bf”theifilm from Bmaxfto
Tt . | ) _ o .
'Integratidn'frdm ewax to:ﬁl'of éQGAtion (6955w1i1.31§e_th3'z "

value (the thickness) ©of the film from m to 8 _ and thereby both the

1.
total dimensionless film thickness and the fraction of the actual film

thickness-that mustwbe_applied in equation (19)- e

determiné.the_sheér:stress . {(UN) 1is the abo#e—ﬁentioﬁed reducéd.

‘velocity. Symmetry about the plane where u = 1+ I''for the temperature
" range ﬁl i-Qmai % m cOmpletes“the_profileé of vglbcity,”temperature,
_.and'gfadiehts.of these.
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CHAPTER V

. APPLICATION OF THE HAXIHUH TEHPERAIURE
CONCEPT TO ELASTOHYDRODYNAMIC FIEHS

Assumgtions '

The lubrication situation in an elastohydrodynamic contact
deviates in several respects from the assumptiOns stated_in Chapter'iv

for the derivationm of-maxiﬁum-temperature-and the shear streas'ofxa :

~ liquid lubricant £ilm, The préssure and temﬁératuré_gradients'of the
. elastohydrodynamic film seem to'iﬁterfere with the application of the

obtained reéﬁlts. Deviationé'from liquid behavior,-bne-dimeﬁsional

velocity aituations, and parallelism of the bearing surfaces may, . how—

| ever, ‘also influence the applications to elastohydrodynamic films. ThiS'
chapter will attempt an evaluation of the effects of ‘the actual devia-

. tions from theﬁéésﬁmptions.

farallel Beariqg_Surfaces

" The elastohydrodynamic lubrication of a modefate—tp¥heé§ily. -

loaded elastohydrodynamic contact is characterized by a large ratio of
_ftlm'léugthito*film thickness. Although'the-situatiohgié"shbﬁn in*moé:
nof'the iiteratuié'with-steep slopeS'of the bearing surfaces;:the actﬁal

situation is parallel surfaces over most of the contact area.. Both-

analyses and experiments confirm this (18), (2?), (60), (61), (62)

_De;ectable deviations from parallel configuration ‘are usually found_only

im areaé néar:the.exit.ﬁnihe maximum deviation. is here;ﬁﬁgleq of the




P S N

140

'order of_10*3 radians. The averege'size of the slone_over‘these limited
areas is even smaller. The contribution to the traction from these parts
of.the contact-area can,'to a first and relatively accurate approkima;
tion, be'estimated as if the surfaces sere completely narallel and of the
saime film thickness as the main part of the contact area, A more.acCurate
determination of the total traction of the contact can be achieved by
adding small correction terms to the stress summation.based on an.average
film-thickness in this area. The corrections will expectedly not’ add
significantly to the understanding of the traction mechanism in the con-
tact, but adds. only to some increase 1n accuracy. These correctione can

be disregarded in this first treatment without severe loss of accuracy. -

‘ Measurements of film thickness can be performed with an accuracy of the

-magnitude of +1 pinch, The general range of filmthickness in elasto-

hydrodynamicelubricatiou goes from about 5 uinch to about-SO'uinch. 'The

.relative accuracy is thus 20% to & 22. The comments on parallel con—

figuration are therefore modified with inaccuracies of magnitude 5= 10%

in most_cases.

The Pressure Gradienta

The pressure distribution in a contact - has been investigated.

partiCularly*through“computer solutions. Figure 42 ShDWB a typical graph

of the film pressures.,

' The computed film pressure shows only minor deviations from the
Hertzian:pressures-over a major part of the;high pressure region_of the

contact area where the greatest contributions to the traction expectedly

' are_generated. The ‘important. maximum pressures are_the*same.for the two
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curves. The viécosity and ﬁréctién are therefore not'widély'different 
1n the high pressure region for the two pressure distributions.

The solutions show a spike of high pressure before the exit
region.for certain ranges-of-parameters, Figure 42, The spike has oniy
a small. extension in the film direction and will therefore contribute

- only w1th an amount equivalent. to the hatched area of Figure 42. The
spike has furthgrmorg not been demonstrated experimentally in such
exaggérated form as'shown'in'Fiéure 42, h

As'such it ﬁight be regarded to soﬁe degfee as éicomputer gener—.
ated'phenomenoﬁ only_and not a physical reality. ité influenge on the_ |
total traction may_thérefore.be disregarded without severe loss of |

accuracy.

Pressure:

)V ——— Width o_{ Contact ——
 Figufé 42. Typical-Computer Solution of the PressurefDistributioﬂ in an

' Elastohydrodynamic Contact. (The Hertzian pressure distribu-
tion is shown for comparison.) : ' o

v T ——
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The pressnre rise‘aheed of the contacn_cften:represents'a
significant cbntribution to the generated normal 1osd. The viscosities
in this.eree'are low due to the near exponmential pressure visCOsiry
relstion for the lnbricsnts. The film thickness increases furtherﬁdre
.rsﬁidly outside'the contact area so that the net contribution to the
total traction force wlll prcbsbly be considersbly smaller_than the con-
- tribution from the contact area itself.

’Experimental investigations ofﬁpressure"distrlbnrion for rolling
contacts have been conducted; Figure. 43 shows rypical examples of
reported measurements. | _

The measurement technique and the lubricants vary widely. The _

_pressure profiles characteristically do not have many details in cemmcn.
Tne msximnm pressnres measured.are,.however, of_the'same.magnitude.as
the'Hertzien.manimnm?ptessure,. |

:Ihe-pressure transducers and the applied data reduction:tecnniqne
in these 1nvestigatlons can be evalneted to pcssess snfficienr.accuracj
and selectiviry_to record the actual pressures. .Unreported-qnantiries,'
such as lubricant.characteristics, sqlidificaticn,'etc.,dcan, henever;

'inflnence the reccrdings,lsarticulerly with respectdto a.diminishing
of maximum pressures. |

'_ It will be showm 1n the following that the influence of pressure
_gradients on the shear stress is very smsll for the contact region with

high pressures, high viscosities, and high shear stresses.. It 1s assumed

that actual pressure gradients are of the same magnitude or smaller than'

the gradients'of_the Hertzian_pressure as experienced and shqwn-in

Figures 42 and 43. The Hertzian pressure'distribu;ion is therefore chosen
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S ' 1000 rmfmm-:um
150 rav/min- 471 in e

292 5% ;".

!45"’

Broken lines are Hertzlamn conmtact pfessure:distributicns
according to calibration. The pressure profiles are cor-

.rected for temperature effects. Load'1000'1bfin, Acme -
.H oil. _ ) : _ .

Effect of'rolling sﬁeed on pfessufe - 50 a@a 1000 rev/min -

From Cheng, H. S. and Orcutl: F.K. 'A correlation between
~ the theoretical and experimental results on the elastohy-
drodynamic lubrication of rolling and sliding contsacts’,
Proc Instn Mech Engrs 1965-66, Vol 180 Pt 3B, page 164

PRESSURE —10% b/in _

100

1
)

*
Y
1.
1
H . .

i "-l-lERTZ_PRESSURE PROFILE

[l
1
i
'

INLET

REGION 20t

—r— /. v —by——7"=r—r  Circumferential
30 0 . 10 o) 10 20 p

distance - 103 in

Preliminary f:l.lm—preseure profile obtained us:lng averaging
process. Py = 100 000 1b/in2. = 175 °F. RS = .2520 ft/min.
Lubricant: polyphenyl-ether. S ' o

From Kannel; J.W. 'Measurements of preasures in rolling con- .
tact', Proc Instn Mech Engrs 1965-66, Vol 180 Pt 3B, page 137,

Figure 43, Typical Examples of Reported Pressure

Measurements in Elastohydrodynamie Contacts.




. 1003 KN/m
' \ - 8@ 1.30 m/s

disk surface/mm

From'Hamiltbn, G. M. and Moore, S, L.;'Deformationjand
pressure in an elastohydrodynamic contact. Proc. Roy.
Soc. Lond. A. 322, 313-330 (1971). - R

Rolling disks. 26.99C 184 cp.

| Figure 43. (C&ntinued)
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as a representative case for the elastohydrodynamic film in the

145

evaluation of the influence of pressure gradients on the shear stress.

It is assumed that the Hertzian pressure distribution is representative

both for line contacts, with a symmetric pressure distribution about a

plane, and for point contacts, witﬁ an axisymmetric'pressure distribu- .

tion.

The Shear Stress in the Film for an E;astohzdrpdynamic Point Contact

The ésngptions.of Table 10 Chapter IV, are assﬁmed, except

aséumbtion 5 which is changed to P =,p(x1). The lubrication situation .

ié the same as the situation of the preceediug Chapter IV. The Figure 39

of Chapter IV, which shows configﬁratian and coordinate otientation; is

reproduced here. The Table 10 of Chapter IV,fﬁssumﬁtioﬁs, ié alsq .

"reprodung.hokevér with assumption 3 changed to p =.p(x1).

The reduction of the equation of mass conéervatipn and the energy

equation of the previous chapter are not changed by the change to

p = P(x;?._“The.eQua;ioné of motion are reduced to
#;1 f {ﬂ(0i53)];3 -
int‘egfa’n’ﬁ_i_oﬁ of '.Ieciuﬁ't_ion (1) g.i'jr'esf' .-_ii
E:-ﬁ;lxé "“91’3" CS(tUN)f?;i)
If one _Bﬂst’n#els_ that"thé gopstaﬁt c can be writ';en: as "'
cs . ~p»y b/2 +.‘r(U.N_). |

whére';(UN)|ﬁN=o_. 0 then equation (2) cOnve:ts{to .f'

(B
@

Y




3t Yy ) Viscous Lubricant

r(n-.T.q(w.ztpn =0

146

g \\\\\R\\\‘ 1

The origin of the coordinate '
system is located at the center of
the elastohydrodynamic contact.

Coordinates with,

~ dimensions:
3 ?
F‘V .
y
*1 .§- x
.l.ll u

Dimensionless coordinates:

Figure.44 The Lubrication Situatlon, Flow of a Viscous Lubricant

between Parallel Bearing Surfaces.

x ..-h : ,////Ami///z Tz/

T
1
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Table 12. Assumptions.

~Steady state conditions. Laminar flow .

u = u_l(x3) only; u, = 0; ug = 0; ul(O) = Q;- ul(h) = (UN).
P =.p.(x1_)

Body forces are zero..

= constant; T(h) = T, = constant,

T = T(xl3) only; T(0) =T 2

k]
. p = p(x2’x3)
c, = cv(xz,x3)

k, =k (x;,x;)




148

T --p,l(xé-hIZ) + 1 (UN) a @)

which satisfies equation (1).
| ' Equation (4) shows that tﬁe'iocalfsﬁegr gtreéélis a linear com-
bination of a ﬁerm-dependent only on the pressufe grédignt and a term
dependently oﬁly on the.velacity (UN) of the sliding bearing surface.
An integration of equation (4) with respect.tp X from inlet to
outlet shows that the contribution from the pressure gradients to ﬁhe
total traction 1s zero in a parallel plate configurgtibn. The efféct
of the presence of pressure gradients is therefore primaril& an influ-

ence on the assumed condition u = 0.

. 1’1 .
An invéstigation of the relative magnitude of the two shear

stress terms of equétion (4) over the major part of the contact area

Ishows that thé.:Erm dependent on the pressure gradien; i3 very small

' ﬁoﬁpared'to the term dependent on the velocity of the sliding wall.
The chosen Heffzién pressuré distribﬁtion, which 18 selected as

a reprgsentétiﬁe case for the elastohydrodynémic_filﬁ o{er.thé major

part of the contact area, is described by
(olp ) + (/P =1 )

where r = xl or by

p/p, = b = (1-pH'/? (6)

where pm is the maximum Hertzian pressure, a is the'radius of the.point

.contact, f=r/aand § = p}pm. The pressure gradient_is
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-1/2 -1/2 .

Py, = ~(p_l2)s (15D % or 5, = -5(1-50) )
_ o]

A typical value of the gradient of p, 1s p,_= 10’ psi/inch obtaiged
for the conditions pﬁ = 150 kpsi, a = 7 x-10_3 inch “and p = r/a=1/2.
(The more accurate value of p, for this example is 1.24 x 10’ psi/inch.)

A

In that

1/3

W pm'az 20/3 a = (WR A3/4) (8)

‘where W is the bearing load, Rb is the equivalent'radius of the con-

tacting -surfaces (R;l = RIl + Rgl) and
8= (1-0P)/E, =12 | )
A § *
then
ppfe = 2R, 4 - (o

The ratio between the He:tziap normal stress and the radius of
the contact depends thus on the effective radius Rb and material con-
stants Oys Ei only, but not on the bearing load.

If one defines
H h/Rb and U - cl(UN)/Rb E (11)
where

E'If 2/4 _ | (12)

then the ratio L between the two shear stress terms of equation (4)
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Ty = Py (X-0/2)/ T(TN) o an
becoﬁes
1= @0 G, I - YD/ (14)
o 5 | t

The Ratio Between Shear Stresses Generated by
the Pressure Gradient and by the Sliding Motion

Equation (14) shows tha; the magnitude of the-réﬁio T, between
the twé stress components is determined primarily by the dimensionless
numbers H, U,'éna Ty over the major part.of'the contgc: area,

Figure45'§hows that the magnitude of the dimensionlesé pressure
gradient is limited to-a factor of about 2 for 5 less than approximately:
9. .The pressure curve shows that the Hertzian preQSure at.this lbca—
tion is only about 40 pet.cent of the maximum-pfessure.: The pressure
deqreasea fﬁpidly aﬁd the deviation of the aé:uai pressure (Figures.aé
and'43)ffam the Hert§1an_pressures increases with further inﬁ:éase in 5.

. The viscosity.décreésés véry rapidly in the reéibn_ﬁ"# +9 due to the
near exponen;ial pressufe'viscosity_dependenCy of'thg_iubricant; The
value:of Ty ﬁili_;hgrefére expectedly incrgase_raﬁi&l? fbr §_> .9{

Thé.pregsufe gradient ﬁﬁ (part of edﬁaﬁiﬁn (14)) 1ie less than
- 2.06 iflﬁ 15 less than the selected value .9;: Thé'numeri§§i value of
the tgtm (z-;.i/é) of eéuatiﬁn {14) is_furthéfmore léss.tﬁaﬁ.oriequal'.
. 1)2.- . : _ _ : S :

| Thé ﬁumgficai'vaiué.of ;he r;tio:n; ié_thérefqré

K

Imyl5c.0 = 328 ) @)

a.9 =

where'the'factor';SZB'13-(2;06f2ﬂ); .
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Dimensionless Pressure éﬁé Preasure Géadieae;

Figure 45, : :
AR of a Hertsian Centaet:

151

-l




'are'independent of xl ot x2 location in the film when x
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The Ratio 7. in_Attual_Lubrication '

"

The ranges of Hl'ﬁj and U are

H: 5 %107 - 50 x 107® inches

ng: 5 x 10 - 10°

U: 10_"13 - 10714
when the rangc.of ﬁ s 10-100 ips. The rahge of T,.g i8 1 x 10-2.‘ 1 |
x 1071,

Thc results of the tracticn ﬁeasuremcnts (39),(66), (67}, for
23 synthetic'and.uon—synthetic unmixed lubricants have been_used to
investigate the range of"uG in actual experiﬁents. 'Ieble 13 shgws.thg:
range of the upper limit for w . Tﬁe values cf b .

0.9

9 are seen to be
generally only a minor fraction of 1. When m, << 1, then

Bag (k3°0/2) = (nuy, ), << TON) = (nug,g)y) ae

where p, symbolizes pressure gradient and sl symbolizes sliding,

. Equation (4) rewritten is

4,y .==. (1/n) (nu1,3)p’ + (ul’_3)_81 . -{17) |
which_staﬁeslthat vequitY changee due to the prcsSﬁre'gradient are << :
velocity changes due to the sliding velocity (UN) at any-x3 location

when L << 1, Equation (17) states furthermore that velocity changes

., = h/2,

Thgrefore it can be seen that the pressure term has only a very

limited influence on the film behavior in the circular parallel plate
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ITable 13. The Ratio T between Shear Stress Generated
' by The PresSure Gradient and The Shear Stress
. Generated by The 8liding Motion.

Fluid = = 13.7 L 27,4 54.8 ips
‘Per cent
FN 2961 _ i 2.4 3.3 5.7
MCS 460 .9 1.4 2,5
MCS 418 .8 1.4 2.6
DN 600 : .9 1.8 3.5
Adv. Ester : .4 1.2 - 3.0
Form. Adv. Ester oh 1.2 2.9
Naph. Min. 0il 2.1 3.2 6.9
Synth. Para. 0il - 4.5 9.0 15.C
DN 600 + Add. 1.0 1.4 3.3
Siloxane 1 o 3 -
- 2 5.7 10.6 -
- 3 1.2 2.5 -
- 4 3.3 5.5 -
- 6 4.2 7.8 -
- ? 5.2 9.1 ~
- 8 3.0 5.7 -
- 9 4.0 5.7 -
- 10 2.7 4,6 -
- 12 .5 .9 -
- .13 4.3 7.3 -
- 14 2.3 3.5 -
- 1 03 56 -
- J 1.6 6 -

- N
L]
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configuratidn for radiﬁs 7 less than approximately .9. Equatibns (1)

and (é) may thus be approximafed with
0' [n('-‘__ls3)}s3 L - | (18)
~and
Tt = t{UN) ; o . (19)

to the extent that Ps; can be disregarded (when w. << 1). Equatidns

_ o
(18) aﬁd (19) are identical to equations (9) and (11) of Chapter IV,
The results from that chapter may thus be used as approximations for
elastohydrodynamic films described in Figure.42 or Figdre.43 with

Psy # 0 wherever the condition Ty << 1 18 satisfied.

The pressure Gradient Psgy

' Thelassumption 3 of Table 10 can be expanded to p= p(xl,xz),

The gradients Pry and Py, are equal in the selected referential Hertzian

pressure distribution.  The corresponding gradients in the actual cir-
cular contact are also of the same order of magnitude in the high
pressufe-high tréction cénter area due to the containﬁeﬁt effect bf

the restrictions'at the exit and at the sides. The velocity changes

due to the gradient Psy _is.thus of the same order of magnitude as the

velocity changes due to the gradient p,; and can-also be neglected
when nd-<<7-i. This implies that the velocity u, can be approximated.

with zero.

——— e e oo -
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The Pressure Gradient El3 '

The assumption 3 can be expanded further to p = p(xl,xz,xs).

The'equétion of motion in the 3 - direction is then reduced to
.or- 

_p!3 - n;1u1s3 (21)
| The expansion to p = p(xl,xz,x3) implies that Psy = p,l(x3).
The pressure gradient p,l is however only a weak function of x3 in an
actual film. The expression Psy #_p,l(xs) can therefore be assumed to
be a realistic approximation., Equation (1) can thus be integrated to
equetion (2) also when p = p(xl,xz,x3) aésuming p,l %_p,l(xB)..' |
‘The viscosity changes several orders of l0-magnitude during the

passage in the x direction of the lubricant threugh the contact.

3

1

Typical values are 1 Reyn/inch near the stationary wall to 10° Reyn/inch

near the moviné wali. The corresponding shear ‘rates are typilcally |

1

10? sec = to II.('!'{l sec*l. The pressure gradient Psg is thus of the same

magnitude as_p,l_(lo7 psi/inch). The gradient p,3'does not vary greatly

3

changes and shear rates indicates. Its effect is to create slightly

in the x direction as the example of tfpicai values of viscosity
different pressures on the ﬁnving wall from those on the opposite sta-
tionaty wall. The pressure difference is of a magnitude of 10-100 psi.
The difference has the same sign as the sign of Psy- The net effect

on the load carrying is therefore zero for a Hertzian pressure
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distiibutiqn. The preséure gradient Pssy does not_influeﬁcé the
velocities.

It can be summarized that the pressure gradients Psy Psy p,3
do not influence the simple flow situation that was assumed in Chapter
IV provided the condition L << 1 1is satisfied. This'implies that

the velocities can be approximated with u, = uy = 0 and ui = u, (x,).

The Effect of the Temperature Gradients T,1 and T,z'

Incompressible Lubricants

The assumptlons for correct determination of shear stress and

maximum temperatures are that temperature is a function of the Xy
coordinate only, and that the wall temperatures are constant. The
~ temperatures in an actual elastohydrodynamic film are also functions of

2
is fulfilled is investigated in the following:

the xi_aﬁd %, ordinates. The degree to'which the condition: .[T=T(x3))
The density of the lubricant varies less than approximétely 5
.per cent dufing the péssage through the high pressure part of the con-.
taét; 'The-céée'offingompreééible liquid.wili therefofe be considered
first aé a relevanﬁ approximation, |
The énergy equation writtén out in its ferms is

c. p(T, +u T, ) (k T

i ,i)’i'+ ?

The condition of steady state eliminates the term T, . Measure=
ments of film temperatures in elastohydrodynamic POint contacts (68},
(69), héve_shown.that the temperature differences. (AT) fouud.in the

xl-direction at any given xq level are of the game_order'of magﬁitude

R

1=1,2,3 2
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as the temperature differences over the film. This therefore states

that
0(T,,) = (a/h) (0(T,,)) | (23)
where 0( ) symbolizes: The order of magnitude of ( ).

Furthe; : [(k:(T’B)}?S] = (a!h)z[o(kt(T,l)),lJ_ | : ': (24)

- Axisymmetry of'elastohfdtodynamic polnt contacts justifies the further

statements
o,y -0, '6(-_@_,'1').iJ-'_'-fo(crf;izj,z)'_ s
The .increase in te;pefature T#i%-typically in tﬁe rénge 100 - 200°F.
The coﬁdition T << 1 may be interpreted as
0Cu,) = (b/a) (0¢u,)) | _ - ) (26) .
For non-sliding conditions:

0Cu,) = (h/a) (0(v,)) o 27)

. Equation (2?) is however justified also for. sliding conditions.

Application of the principle of superposition for sliding condi-

-tibﬁ,'validatgd, for example, at equation (4), then 1ead3-to

0uy) = (W/a)*(0(u))) - :(28):

Equation (22} can thus be rewritten as -
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(/%) (0Cup) (0CT, )} (1420/2) = OCT, 1) (1+2(h/2)%) + o/k, (29)

where k = kt/pcv and kt is constant. . . : _ -

-3

The ratio h/a is of a magnitude of 10 The equation (22) can

therefore be apptoximatéd with
(1/c)u T,y = Tyag + @fk; E | -. .(30)
withoﬁt significant léss of accuracy.
2 = n(u;,,)? - G
13 : |
Nondimensionalization of.équation (30).gives

M = 32
ﬁBuB,x 0,2 + 2“&“5 N .( ?.

- where
2 _ o S L
g = W (UN)/xa and B,k - T,la/E. - (33)
The boundaf?.conditions are
u(0) =0 6(0) =
| (34)
u(l) =1 - 8(1) =m
as'before;
 The convection term of equation. (32) can at some locations in

the film be considerable doﬁpared to the_térms Ie l Dr 2 4 Su, . .An

evaluation of the influence of the convective term on-the velocities in
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thezfilm can therefore not be performed easily. A lower end apper
bound for-chenges of film temperatures ano velocities can, however,
be established.in terms of the.reiative-magnitude of the convection
element.of equation-(Bzﬁ. |

Ty and u of the convective term are_positive. The temperature

~ gradient 6, has extremun approximately for B+ 1/2. 0, is positive

ahead of the center of the contact and negative after the center. It
does not vary oonside}ably in the direction perpendicular to the film.
LA and u,, are positive and a.zZ_ie;in;general negative. The numeri-

cal values of the terms e’zz and u,, are both great near the stationary

- hot surface and small at the sliding cold surface. -

The velocity u is the ounly factor in the convection term which

' variee considerably. The velocity u is zero at the stationary_wall
. where B,zz and u, are of great magnitude. The convection term 1is

' therefore not significant near the stationary'wa11=(052<<i), The value

of u is at its maximum for z = 1 at the ﬁoving wall,'where the terms’

B,zz and u, have their smallest numerical values; It is thefefore_

i likely that the convection term of equation (32) may have significant

'influence on the film behavior, at least in the neighborhood of loca-

tions where both conditions u = 1 and e,xx = 0 are fu1f111ed.

-integration of equation (32) yields :

oz 3 S Az . - o b _
Bacld + 21r4'n5u = “BJ.Q _e,xudC L S (35)

when w << 1, .
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The case of adiabatic conditions at the stationary wall 1s a

pafticularly important and simplified sitﬁation. This situat1on alcne

. will be considered. The gradiént G,x does_not vary édhsideraﬁly over

the film thickness. It can therefore be approximate& with the maximum

value e’xM without appreciable loss of -closeness of the upper and lower

bounds. These two considerations change equation (35) into
6,, + Zﬁ&ﬂsu = ﬂBG,xHA(z)
where
2z -
M2y = uw(ords .

0

Rebrganizatidniand'iﬁtegfhtién'froh O_ﬁo?z ;iéid

. -. .z | m es. 3 .
j —15- + 2u, u - £ XMI (c)|[dz =0
L 4 2n4 s
or.
. 2 - F2 '
Su(B,ﬂlo) +u - 2D Io u,c.}(;)d; = {
where_'

and nlo.is thé'temperature at the stationary wall when D # 0.

titi lm(z)-can'be defined such that

(36)

(37

(38)

(39)

L0y

A quan~
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A (2) = 1/u(2) J‘O.u,zx(;)d; S wn

.Equation {(39) converts therefore to:

Su(e,m ) + uz-zﬁxﬁ(z)ufq - (42) -

from'which:

)] 1/2

B2 + (-ﬁzxitz) - su(e,m (43)
as Q’z < 0 in z[0,1]. Equat1§n (43) yields;(wﬁen zfi).
' | 1:= 5hm(1) + (523:(1)- Sﬁkﬂz,ﬂlol]llz' _ ' ﬂ(ﬁ45 I
'The:corresﬁonding éxpresqidns'aré
oy = (saCo,m) Y2 us)
1= ('S“(".z'"“l))lf’z N o ,: I-(éﬁ) :
..-whenséoﬁveétioﬁ is’diﬁregatded. Equations (éA)zaﬁé_(dﬁ) éhov fﬁét' 
g vhen B> 0 e
."1 < 1 | 'Qhen:ﬁ <0 | _ ' | : . '(45)
.-and | o
2D, () - Su(wl,nio)' (-49—.)'_ |

neglecting terms of O(ﬁz), O(Am(l)) = i
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From equatibn (49) it can be seen that:
iy = (W) + Qnep)| om0

"0

from the case, when convection is disfgéaﬁﬂed,-expféssed_in terms of D

This equation'determinéé the approximate temperature difference (Fl-

and an easily evaluated upper bound of Am(l)a

Sz ' z = r2 2 o
Ag (2)u(z) -j Cu, MD)dz = (u(T) ,f u(z)dz) | —,[ u”(5)dg (51)
Yo BT o ‘o -
A typiéal maximﬂm value of the_temperature'd;fference “1 - FIO = anl

can be evaluated by assuming that lm(l)max = 1. The orders of magnitude
“of T, D, and u(ﬂi) are in the case of a relatively thick elastohydrd—

dynaﬁic-film (h - 30 u inch, u ~ 50 ips) where the possible distortion

effect from the convection term on the velocities is greatest:.

-3

 _-0(#&) =10
o) = 1072
O[U(ni)] = 10°
The é?dér_of;ﬂﬂi thus becoqes
= 10'4

0¢ mrl)

The order ofﬁthe témperature difference ATl therefore Béﬁdmes
~ E or about .08 °F (E = 800 °R) to 1. °F (E = 10000 °R)

The influence from the convection term on. the temperature at the

T

i



- up (1) can be:approximated with 1 - DA,(1) which then glves

" stationary wall is thus not significant.

Velocity Changeé'Due:to the Convection Term

A velocity u, can be defined as

. _ 5. -
: . : 3 1/2 : =1, y1/2
oy = [—SU(B,ﬂlo)] = ((flfna) I“IO n(z) _dc] :

Equations (43) and {455 then give o, > 0
. + ﬁiﬁ(’z). <u< DA_(2) " [ﬁzl‘i(z) + u%jlfz

When z = 1, then from equation (49), (45) and (52)

u%(l).- wZ(l) = 2Da_(1)
°F

1~ = 2B @)

() - ﬁgtl') = 5#,5‘,'(1)
£ 41

ey B
which gives.(f¥om equati;n (53)]

_.;me(z) - -ﬁlm(l) << uH3; 2BAm(z)

163

(52)

(53)

(54)

(55)

(56)

(57)-

(58)

.....
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in that
| 5Xm(z.) N uH 5 [ﬁz’i(z)_ + ul:ijll-z _ (5_?) .
The velbf:ity différen'ce u - Uy is the;efore
'—ﬁxm(l) <. u.-'uH < 25Am(.1) ) - (-Ir,IIO)-

A maximum value of_ Z\m(l.) may be estimated considering the maximum

velocity profile u = 1. This profile can be described by u = lim 2"

(n > 0).. A’m is then- ,’\m(z,n).. and

A (1,m) = n/(n+l)(2n+1) . (61)
Lim A_(1,n) =0 - (62)
n->0

The maximum velocity profile does thus not _gi_ve the upper bound: for-.'

'ln"(l_)_.l'_ This result can be obtained also from equation (42).

‘The minimum velocity profile u = 0 described by u = lim z" (n + =)
gives . | | |

1im A (L) =0 - N I

n-> o«

An estimate of the order of magnitude of the maximum value of
Xm.(l) can be obtained under the aésumption that the expression u = z"

describ'és the actual velocity profile adequately. With this assumption

Coag@mey =173 © (64)
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obtained for n = 2-(1/2){ The velocity difference u -‘uH is therefore

bound by the inequalities

18 b < u - 1w, < .35 D L (6%)

The factor 5 13 tYPié311Y'ab0ut 1072 in a moderate loaded élas4'

tohydrodyuamic contact.l Distortion of the flow is iﬁsignificant and
can be disregarded in an approximate treatment of the traction in the
high pressure area of the contact. Then'u1 = u(x3); u, =0; u = 0;

~ provided the condition 0(D) < 1072 is satisfied.
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CHAPTER VI

DISCUSSION AND CONCLUSIONS - EXPERIMENTAL WORK R |

Fluid Measurements

The high shear stress charatteriétics_as well as low.shear stress
characteristics have been investigated for five well defined represen~-

tative lubricants comprising synthetic hydrocarbons, a silicone oil and

improving polymer in a straight mineral oil. The range of applied pres-
sure levels was typically from 20 kpsi to 100 kpsi;.-The applied-tempef?

ature range was from 10°F to 300°F, however, temperatures as low as -50°F

have been used for the purpose of exploration. All investigated lubricants

‘show liquid behavior at low shear stress measurements within the indi- -

vidually applieé ranges of pressure level and'températures.

fhe_low'shear pressure temperaturelviscositf-ﬁharacteristics f&r _ ;
the investigated-hydrocarbon Lubricants all Shcﬁ decreasing préésure
viscosity.ekpdnént o as.function of pressure and tempér#;uré, Whéré a.

is defined as the slope (lnn),p (in a lon-p presentation) of the vis—

'éosity pressure characteristic at any'p,T. Presentation in lnlnn-1nT

diagrammati¢7fo;m shows characteristics tending to approach a Straighf

line coﬁfiguration with nearly constant slope for each hydrocarbon 1ubri—

cant.

The siloxane also shows decreasing pressure viscosity exponénﬁ_

'_witﬁ increasing temperature. The'exponent a decreases with increasing
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preseute howevet only ie the range ue to 20-60 kpsi. The expenent for
siloxane incteases thereafter with further increases in pressure level
and at an accelefating'tate. This behavior ie similar to the beheﬁiot
.of-the gilicone oil iﬁvestigated earlier, Dow Corning “SSO_Silicone;"
Sample 53-H of the Pressure Viscosity'Repott ASME 1953_(2)..

'Tte viscosity level of the lubricants is of the order of 20 c¢p at
.etmospheric-pressure and room temperature except the level for one syn—
tﬁetic hydrocarbon which has a base viscosity of about 700:¢p and the
eiscosity level for the pol}met blend whiCh has a base vistosity of about
1000 cp. - | o

J The high:shear:etress investigat;oe was.condueted withtcapil—.
laries of length to diameter ratios 14.9 and 1.35; caeillary 1 end
. . . : ’ |
capillary O respectively. The viscosity level duriﬁg the measurements

“was 103 - 104,ep whieh'ﬁas achieved by adjustidg the operational temper—

ature for each“lubricant in'question and applying preesu:e levels in the S

range up to 50 kpsi. The maximem ebtained sheer stress, at the capillery
wall, was in the range 500 - 700 psi (3. 5><107 - 4. 8><107 dyn/cm ). The
applied pressure drop was in the range about 10 psi to above 103 psi.

The flow curves, viscosity as function of shear stress plotted in a
lnT—lnn”presentation,_show constant viscosity independent of shear

stress for small applied pressuretdrob, iess'tﬁen apptoximately 250 psi,
.;fot'all the ﬁﬁtlended lubricants. The viédosities ﬁeaSUfed.at'lew
pressﬁre drop are consistent with the results of the low shear stress.
'measurements.' ‘The flow curves show an apparent . v13cosity decrease with
gteatetiereseure drop than about 250 psi. The_meagured apparent vig-

_cosities'deviate from the low shear stress cohetant'viscosity-at'en

e
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acceierating.réte with iﬂcreasg.iﬁ;pregsufe ﬂrop. “The flow_curveS'for

all the unblended 1uﬁricants, measured ﬁith bdth éapillary 1 and capil-
lary 0, can be shown.to be mutﬁally_ébngruent within a mﬁrgin of estimateq
experimental error. The measurements can thus be described with one and
.pniy'one standard flow curve displaced at locations along-the shear §tress
axié; cﬁrrégﬁondinglt¢ the L/D_of the capillary, gﬁd:élong.the visédsity
‘axis, corresponding tb'variations in_viécosiﬁy ;evel. The flow curves
ﬁbtained with capiilary 1 show a deviation from constant viséosity char-
.acteristics in.shear stress ranges and shear rate ranges where capillﬁry
0 measurements show constant viscosity. This observationiexclhdes

shear thinning effects as an explanafiqn of the deviation froﬁ cdnétént
viScosify characteristics measured ﬁith Capillﬁry 1 (Ehe.viscdsity is
mggsufed to be constant 1n the range of capillary 1) and emphasizes
d;séipation heating gs a primary ﬁechanism in_the.fﬁrmation of tﬁe_devia—l
ting flow curvég; The identical éonfiguration-fqr flow curves obtaiﬁéd
with caﬁiila;y 0 ahd.capillary 1 éuggesfs that shéar thiﬁning effects |
can be excluded And'that dissipation heating can be assumed as éxplaﬁa—
tion of the deviation from constant viscosity also for capillary O meas—

urements.

" Analysis of Heating Effects in Capillary Flow .

'Heat Conduction Absent

Analysis of dissipation heating of the_flow-shUWS'that7the local
temperatures in the lubricant depend on pressure drop and specifié heat
capacity per unit volume of the fluid alone in the case of no heat con-

ductivity"ih_the-fluid,_ The temperature distribution is a function of
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position in the capillary carity and is proportional to zrif(R% - r?),

where z is axial position, r the radial coordinate and R radius of the

circularlcross_section of-the canillary.

'A decrease in apparent viscosity as measured with the capillary, :

can be evaluated based on increases of volume flow rate when a tempera-

ture dependent viscosity is assumed. It has been shown that the:decrease

in apparent viscosity thus evaluated will follow one and the same flow

curve configuration, in a Int-1nn presentation, independent of capiliary

dimensions and material parameters except c.p, the specific heat capacity

-per_unit volume, and the temperature viscosity coefficient. This is con-

sistent with the erperimental observations.

" Heat Cbnduction Present

Calculation of temperature.distribution when heat conductivity
of the fluid is present shows an annular temperature peak near the wall

and unchanged temperatures at the center and at the wall. The value-of

" the temperature peak is of the order of 10°F at the exit for a pressure

drop of.500 psi.  The temperature peak at the entrance is located at the

~wall, r = R. The peak moves_inward at downstream locations and increases

Y

with distance from the entrance. The increase is however not propor-

tional with axial position. A heat balance shows that an appreciable

hhlpart of the dissipation heat is removed by convection. A'numerical exam-

ple shows that less than 10% of the generated heat is conducted away to
the walls. The remaining part of the heat is thus found in.the'fluid at
the exit. An attempted estimate of the configuration of the deviating

fIOW‘curve based on the calculated tllperature distribution for heat

conduction present resulted in a configuration very nearly congruent with




.The calculated flow curves for two model fluids similar to a hydro-

‘to be positioned in nearly the same location 2s the measured flow
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the-experimentally obtained standard eenfiguration for the flow curves.

carbon and a silicome oil from the investigated test fluids were found

curves. The relatively insignificant amount of heat conducted'awaf .
explain the‘mstual eonsistency of the experimentally.obtained_flow cerves.
asd alsq.the~eonsistency with the calculated flow curﬁes. It can be 'f
concluded that dissipstion heating is the only mechsnism active in

establishing the observed deviatioss of the floﬁ curves from constant

viscosit? in the”investigated range of paraﬁeters., The'rstio.between

pressure drop and flowrate which is proportional . to the viscosity will

.- thus remain constant up to the investigated limit of 700 psi when the o ;

lubricant:operates under conditions of constant temperature.

‘Evaluation of Boundsrg'snd Initial Conditions
“The relatively small amount of heat removed by conduction in the

short capillaries suggests that the wall condition whether isothermal or

adiabatic can not, expectedly;'influence the high shear stress measure—_'

ments'signifiCaﬁtly. Maintenance of an isothermal wall is thus of less
imﬁortsnee for-short“capillaries-than for long hapillsries,LGerrard;

Steidler.and.Aﬁpeldoqpﬁ.1965 (11). A well deffned'uniform temperature -

" at the inlet is however of great importance. Both coﬁdlusidns-are_COn—

' sistent with~experimental observations.

Evsluation of the Effects of Variations of
Capillary Dimensions

The small conduction ‘effect makes it unllkely that further

'improvement of - high shear stress viscometry in direction of substantially
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higher shear stress can be obtained by reducing the capillary diameter
'without using capillary diameters 5-10 times smaller than_the present

diameter 3.5 x 1073 inch. Furthermore smaller L/D ratios which are

desirable in order to obtaln higher shear stresses.for_a glven pressure

vill then imply a capillary lemgth less than .5 x 1072 inch. Such a

acapillary,.when'built, would have to sustain a preSSurefdrop of more than

103-psi and would possibly exhibit questionable durability. The shorter

capillarpplength.will.furthermore imply substantially shorter resident

times for'the fluid in the capillary which will tend to counteract tﬁe

improvement in the conduction effect’ gained by decreasing the capillary
diameter._ | : | _

Increase of the ratio of capillary diameter-to-capillarp length
seems ‘to be the most promising and’ direct method which can be used to
obtain a higher shear stress limit in capillary viscometry.. The obtain-
able shear stress is proportional to the ratio D/L and_to the_pressure

drop Ap over the capillary. Heating effects limit the order of the mag—

nitude of the pressure drop to 2 - & kpsi as demonstrated in the present

thesis. But a higher limit of obtainable shear stress can possibly be

‘achieved by using capillaries with greater D/L ratios (smaller L/D ratios)
'thanithe present D/L ratio of .74 (L/D =hl;35) used in capillary 0. The

pressure drop outside the capillary will however'pre#eot unlimited shear

stress increases;‘ The pressure drop outside the capillary is prOpor-

tional to the product of the ratio D/L of the capillary and the pressure

drop over the capillary itself (34). The constant of proportionality is
about .39. The: highest shear stress that can be obtained in a capillary

is an asymptotic value of about 63 5% of the total applied pressure drop.
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This value is.sehieved when the eapiilary,_in the limit (wﬁen L/D = d);
converts to an orifice cenfiguration. The asymptotic value is relse |
tively high eompared to previously ssed.eaeillary arrangements;

An orifice cohfiguretion,lcharacterized by L/D -0, is not real-
.istie but a stsrdf.cspillsry can be built with the rstio'D/L_in the
range 5 - 10. _Shesr_stresses ar.the-eall will then be about 407 to
" about 50% of the_total applied pressure drop. . The bossibilit§ to obtain
'awshesr-stress df about 2 kpsirat'tﬁe eeeillary wsll'seeﬁs'thus to be

present.

Ncm—Liguid Behavior

"The non-blended lubricants showed 1iquid behavior in most of the
'measurements. Nonwliquid behavior is perceptible as a significant degree
of scatter of ‘the data points and a grouping of the data points 1n an.
...apparent meaningless pattern positioned at higher viscosities than rhe :
g.cerresponding flow.csrve. The position of the data poiets deviates gen—
erelly'less than l.- 2% of the viscosity'vslues:df the £low eurres when
'_liquid conditions are present. | N _

" The siloxane investigated showed non—liquid behavior in the form
:of solidification; The conditions were pressures abOVe 50 kpsi and room'
temperature, 5°F.J Solidifieation could be generated by initiating flow'
in the tubes and the capillary. Traces of possible nou-liquid behavior - _
were observed also at lower pressure, 40 kpsi in the shear stress range.
] above approx:l.mately 1. 5 x c 107 dyn/cmz ( 220 psi). Silicone oils do not
| esdily create elastohydrodynamic film thickness sufficiently great N

according to existing_theory. The observstion of a non—liquid behavior,
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_Ipossibly shear induced;_is'onSOme interest'in this respect.-

Shear Thinning_Behav1or of the Polymer. Blended Mineral 0il

. The fluid consisting of a blend of polymer and mineral oil shows -

pronounced non—dewtonian behavior. A shear thinning effect reduces the

viscosity approximately 2,5 times when the-shear stress. increases from
about 102 dynfcm to 104 dyn/cm . The two viscosity levels can proba—

_bly be characterized as the first and the second Newtonian viscosity
.. level respectively. .lhe reduction of viscosity is nearly constant in

the investigated'temperature:range 75 —_190°F; .Thelflow curves show
.however' increasing viscosi.ty ‘again with -f_urther in'crease" of applied

shear stress.;’The viscosity increase is of the order.of.3OZ above the
second Newtonian viscosity level when the applied ghear stress s about _
I3 x 105 dyn/cln2 (4 psi) Apparent non—liquid behavior sets in above this
shear stress, This observation seems to be significant for applications
of polymer blended oils in elastohydrodynamic lubrication. The non—
liquid state of'the_lubricant is present under CQnditions equivalent
_nith a'situation-far-before the inlet to the elastohydrodynamic contact
Iarea.l Existing theory for prediction of film thickness and other related
elastohydrodynamic quantities presumes implicitly liquid behavior of the -
. lubricant. Adjustments to the theory seem to be necessary before it can’
rbe applied with polymer blended lubricants which must be expected to’ |
_show similar non-liquid behavior although expectedly at higher shear"
stresses. Both concentration and molecular weight are'considerably loner
for most ‘of the available blended oils than for the polymer blended" test.

Eluid.' This suggests greater range of pressure and shear stress before
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_non-liQuid behavior_sets'in tor the lower concentratiOn.polymer blends.

Observations of Time Independent
Lubricant Behavior

- The average resident time in a capillary for the fluid in'a typi—'

cal series of measurements is in the range from about 4 u sec to about

10° p sec. The relaxation time for a lubricant with a viscosity of

103 - 104 cp is of the order 3 x 10'3 to 3x 10 2 P sec respectively

'(30);- The relaxation time at this viscosity level is thus 102 to 103

times'smaller than.the lowest resident time. Time dependent phenomena

‘in the fluid behav1or cannot be expected to appear with. any

significance. The consistency of the measured flow curves with one

'common standard flow curve irrespective of viscosity level or capillary :

-type confirms this conclusion. The average resident time in an elasto—

hydrodynamic contact is con31derably larger than the smallest resident

. time of about:4 u sec in a capillary.' The'speed of the sliding surface

is a'nearly accurate measure of the resident time inithe-high pressure |

zOne'for most. of the fluid because the shearing occurs primarily near

_the hotter stationary surface. The diameter of the contact is of the

order of 107 -2 inch._ A speed of 10 inch/sec yields thus a resident—time

of 103 p sec as a'speed of 102 inch/sec yields 102 u.sec. -These times-
'are well within the range of 4 - 105 u sec for the capillary resident

_times in high shear viscometry as presented in this work. The viscosie _

ties in an elastohydrodynamic film can reach a level of 106 cp in lamina

near the colder sliding surface, The relaxation time is about-3 i sec

under these conditions. This time is however also relatively small com-_

pared to a resident'time of 102 to_lO3 U sec. Therefore_time dependent




175

phenomena do notiappear_es mechanisms of major importance in eprAuae

tion of traction, pressure distribution or_film'thiekness.s_

Conclasians
The experimental inVestigation.has'sh0wn that the pure hydro-

carbon”test lﬁbricants_display Newtoﬁian'behavipr ﬁpfto a sﬁear stress
of 700 psi. A shear stress of 700 ﬁsi is only a facrdr:of.S'to S'Belww
the actual aﬁerage shear stress the lubricaat experieﬁces_dering'passage
of the high pressure zbne of.an elaStoﬁydrodyhamic contact, Figure 30,
Chapter II. -High shear streSs capillary viascometry is tﬁus not“far:
freﬁ'rhe-rossibility to create elastohydrodyaamic'lubricatioﬂ condi-
tions in a laboratory experiment where the parameters of interest can
' be-varied independent of each other. Capillaries with a smaller length
to diameter ratio, of the order of .2 to .1,-seem to be a realistic

means of increasing the upper 1imit of attainable shear stress in capil—
._lary viscometry from the present level of about. 700 psi to - possibly 2

kpsi.

————




CHAPTER VII

DISCUSSION AND CONCLUSIONS - THEORETICAL DEVELOPMENTS

-A'New'TheorvIfor'the'High'Pressure Area of an
Elastoﬁydrodynamic Contact .

Prediction of the Maximum Temg rature and the Shear Stress in
the Film

A theorv has:heen developed-for_an elastohydrodvnamic film'in:a
plane parallel hearing-surface-cdnfiguration for.prediction'of'the maxi;
mum temperature and the sHeaertress. The'development is based og-the'

- energy equation for the filmmreducedisuch'that onlj the major contrihuting.
terms of viscous'dissipation and conduction perpendicular to the film-
plane.are considefed. ‘The velocity in the film is assumed to be one
directional in the direction of sliding only._ The velocity is assumed
to be constant for each fluid part during the passage of the contact.

_.A Hertzian pressure distribution for a point contact is assumed.

The theory yields criteria to evaluate the maximum attainable

. temperature in-the film. This maximum temperature depends on sliding‘ '
speed, fluid properties, temperature viscosity coefficient and a base

viscosity. Film thickness does not participate in determination of the

._maximum temperature., The theory yields a dimensionless film .
'stress prOportional to the product of the actual stress, the film thick—
f ness and the reciprocal of the sliding speed. Film thickness and sliding__-

.speed must thus be known before the stress can be evaluated Informa-

tion about film thickness must ‘be obtained from other sources, measurer

'ments or independent calculation according to existing experience and
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theoty. The temﬁeratute T2 of the uoving surface is anuinput pafameter--
primarily fot the determinaticu of shear sttess and must as such be
known.. Information about the temperature T2 must be obtained from

othér gources. The temperature may be calculated from the shear stress
distributieu,__lt is as such a step in an iteration procedure to:achieve

increased accuracy in the calculation of film related quantities.

The.Adiabatic'Plane in the Film

CIt 1is shown.that there exists a plane-parallelito the film

- plane where adiabatic'conditions and symmetry.exist'with-respect'to

'_temperatures, heat fluxes, velocity gradients and fluid velocity rela-

tive to the adiabatic plane. Dimensionless diagrams have been prepared
which can be used to obtain the solutions for any point in the elasto-

hydrodynamic film in a few graphical steps.

Convection in the Film

A comparieon.bétWBeu the neglected term for comvection in the

direction of eliding c P u-T, and the dissiﬁation term'nu,2 shows that

: the ratio of convection to dissipation with actual bearing quantities is
-ofthe order of lZ or less in an elastohydrodynamic film even for a: sli—

-ding speed as high as 50 in/sec.. The ratio depends on the specific“heat

per unit volume of the lubricant, c, the temperature difference'
between the two bearing surfaces, the square ratio. of the film thickness.
to radius, (h/r)2 and is inversely proportioual to the angular velocity
of the rotating (sliding) machine element and to the viscosity. The

angular velocity_and.the temperature difference_over_the film are.ic

" many cases of the same magnitude for both elastohydrodynamic'lubticationw
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andathiCk f{lm lubrication. The ratio h/r is_of the order of'lﬁ_s.in'.
elastohfdrodynamic lubrication whereas it is of the order of lO*a.in
thick.film_luhfication. The convection term is thus many times gteater
in thick'film lubrication than in elastohydrodYnamic lubrication.l'The
. developed concepts of maximum film temperature, shear stress and sym-
metry about an adiabatic plane is therefore not applicable to a thick

film evaluation.

spplicability of.the-Theory to Actual Elastohydrodinamic Films
An investigation has been carried out to determine the extent to

which the conditions-in an actual'elastohydrodynamic situation satisfies
the assumption-for the developed theory. It”is assumed:that-most of the.
traction £ofce is genetated in the high pressure zone.of'the'contact.
: It 1s shown that the.actual.pressure'gradients,'tempetature gradients in
the diteetion of:thE'fiLm plane and the density-ﬁariations in the.film.':
'eech.causes onlyiinsignificant distortion_of'the'assumed onefdirectional.
' velocity within a radius of the high-pressure zZone of'apptoximately.902

| of the radiuseof'the Hertzian contact. The distortions.can be a change _
of magnitude of the velocity Qr the addition of a small deviation velocity
-perpendicular to the directiou of sliding. It is shown that the magnitude -
lof each distortion is less than 2% to 5% of the sliding velocity for.
' locations within 90% of the Hertzian radius from the center of the con—
tact.'_The_greatest bound for distortions, SZ, originates_from estimated
.inaccuracies in determination of the'actual film thickness. The.manimum
value of the distortion occurs at different locations in the film thus
tending not to amplify each other. The level of deviations of the order_
of 5% or less from the assumptions is considered to possess a sufficiently

small inaccuracy for estimating calculations.
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| " An_Example of a Film Calculation
. Shear Stress and Maximum Temperatures

An esample of a film calculation is shown in Appendix G. The use
of the dimensionless graphs is demonstrated. .A_diﬁeusioued comhuter
orogram is aoplied which yields detailed print-out for the bearing
£ilm oarsmeters of iuterest.' The local shear.stress and temperature_
distrihution is calculated at a:series.of'representative loCations 1ﬁ'
the high shear, high pressure area of the‘contact.. The total traction.
from that?area is found'by integration'of_the shear stress distrihutioa;.

- The result is plotted, in Figure 54 of Appendix G. The traCtion'is cal-
: culated for a series of ‘8liding speed but for constant uormal load.

_ The temperatures of'the bearing surfaces and the_film tempera=

tures decrease with lower speed equation (34), Chapter IV The viscosi-

ties increase and the dimeusionless shear stress, equation (30), Chap—
ter IV,Iincreases with lower speed. The film thickness decreases with
speedv__The.het effect is that the shear stress varies_inversely-profjl
portional vith_slidiﬂg.speed. Figure.55jof Appendia C.shows the calcu-
lated tractioh coefficient. The inverse proportional relation between
_'traction coefficient and sliding speed is seen. The measured traction
coefficient is'also shown. The ratio between measured and calculated
_traction coefficients are of order 1 ( 8 - 1 1 - 1 4 in the three avail—
cable-data points) These preliminary results can be regarded 48 a sat-
-.isfactory check of the developed theory when it is considered that the
viscosity values used are estimated from an extrapolation. The pressure
viscosity relation is determined experimentally in the range up to 60

kpsi. The viscosities used in the calculation are extrapolated from the
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_experimentél_data. The extrapolatéd visco§ities éﬁployed are from the

~ pressure range 100 kpsi to 150 kpsi;. Some fnaccuracy in the éstfmaté of

vistosify ﬁnd:thereby in local shear stress may be. anticipated. The
extrapolation assumes fufthermpre that the 1ubricént is a liquid in
all locations of the film. it has been fOund that'séﬁeral'types offlubfi-
caﬁts w;ll solidify dr.at leﬁst show non-liéﬁid beﬁaﬁior when exposed to'.
preésures_;f'thé order of 1b0 kpsi, however, fo; a_relatiﬁely long time, :
> 1 sec. Solidificétion'of lubricants exposed fd high pressures qu

short time durations, of the order of 10% to 103 psec, is not_investigé“"

‘ted to the same extent yet, There exists therefore a need for visco-

metric measurements of lubricants at the maximum pféssures and the time
durations attqined'in an elastohﬁdrodynamic contact to assess the.

nature of possible solidification.
_ . Conclusion . _
It can be'conCIﬁded that the de?eioped thgot? with the exis;ing. 

viscometric gxperieﬁce and data predicts- the traction of the high pres—

sure area of the'HertSian'contact.with'réalistic-accurdcy.




distribution immediately outside the capillary cavity is desirable for

- flow situations where Re << 1. A solwtion.will give information about

' - this project would be' ‘Yiscous flow through an orifice.
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CHAPTER VIII
' RECOMMENDATIONS FOR FURTHER RESEARCH

This report haSishown that further inVEStigatiORS in the-pressure 3

the upper shear etrese_limit that candbe achieved in direct high shear
capillary viecometry. It is likely thot the preeent'npper 1imit:of.'.' :
about 700 psi can be extended up to above 2000 psi wﬁich is the.order.of _ i
m.agnitude of'.airerage shear stress experienced by e mod?erately high \f:l.s— ..
cosity fluid, Appendix G, during pasoage.through en eleotohydrodynamic

contact, n logical extension of the toplc io the'eomplete description

in terns'of pressures, fluid velocities and temperature distribution-of

the flow through a small L/D arrangement Re <« 1.. The designation of

The thermal golution of the flow of a viscouo fluid Re << 1,

through a conical tube section would be of great value in comparing with

- golutions to the above mentioned proposal, “The Viscous Flow through an

Orifioe.f Millsap s and Pohlhausen (48) have reported work on thermal
flow in a wedge, with 1< Re < 5000 |

There is need for a simple solution to the determination of the
trection force contribution from the inlet of an elastohydrodynamic con-
tact to supplement the present investigation of traetion force generated

in the high pressure area of the contact.
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An invéstigationlof}a-bdsﬁible non-1iquid behavior of lubri-
cants 1s needed. This will iﬁvolve“inéreaSe with g'factof of 2 te 3

of the present limit of pressure level of high shear viscometry. TIt.

- 13 logical to investigatelalsq thé;inflﬁeﬁcéyof-poésible non—liQuid
" behavior on the ébility of the lubricant to create a sufficient elas-

" tohydrodynamic film thickness.

Possibly the most ilmportant work ;hat should be carried out in’

order to prbperiy understand traction force generation at low sliding._'

speeds:is an_inveétigation into the minimum'film thickness areas of fhe
elastohjdrodyﬁamic_contact. Temperatures higher-tﬁén ptedicted by
.liquid behavior and load carrying capaéity afe beiﬁg'cfeéted in this
area although optical film thickness measurements éﬁoﬁs ﬁoéitive'film_
thickness; The'work.could be ﬁased.éitensiﬁeiy ﬁn fiih'temper#ture

mgasﬁrements, 'The_WOrk is 1mportant'because reduqtion of the localized

high temperature effect 1s expected to aliow'g substantial increase in
. the traction force which can be transmitted through a'thin'elastohydro-

~dynamic liquid film.
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" APPENDIX A

 DESCRIFTION OF FLUIDS
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~ The table sumarizes the investigated fluids and gives charac-

teristic data for each fluid.

e

E;ger;mengal Fluid ’
-Diester-Plexol 201 bis 2-ethy1 hexyl sebacate

'Dimethyl Siloxane DC-200-50
Polyalkyl Aromatic plus additive

Synthetic Paraffinic Hydrocarbon plus antiwear additive o

Paraffinic Base 011 R-620 12 plus 11. 5% Polyalkylmethacrylate

(MW = .2 x10 )

R Characterizatidﬁ
 D1e;féf'__ |
Source .- Rohm and Haas Company
Data supplied with the sample
| Viscos;ty ‘at 210°F

'Viscgs;tf at 100°F
| ‘Viscosity at -65°F

.:-.Viscosity Index (D 2270)
'f_Neutralization number (D-974J

:*} C1oud Point (D-2500)°F

 3.32 cs

12.75 cs

7988 - cs

150
0.02

below -65
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| Data_tranéferréd from literature sources

Heat conductivity at 1009F | .087 Btu/h £t °F (38)
S 37.6°C | o

| .0188 1b£/°F sec

40154 kp/°C sec

'Specific He?t,pgr_unit;mass . 0.46 Btu/ibm"°F f38)
| at 100°F L 0.46 Ical’/g_ramm oG
IT.8C 4295 1bf in/lbm °F
Density at 77°F. S ..0328 lbmlinq
- 250C |

) | 91 gramm/cm  (38)
Specif’ic..l'l'e'at per unit volume | .01303 Bi-.u/"lr"z'n-3
| .416ﬂci1/°C cm3
139.5 1bf/1n2 OF
- Heat diffusivity o 1.3% x'w'-4 in%/sec
| | | 8,69 x i0'4-.pm?/secﬁ

Data measured

.Kinématic viscosity at .St 100°Ft_ 12065 cs
o ) ke - 3f.3qc _ a
at 2A0°F 13,33 ¢s
se.c
at 3005F | ;”  1,775 cs
| 148.9%C N
_Density - | at 100°F .903 gramm/cm’

arec




'againét:a'ééppﬁire anvil
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at . éiobF o :.86 gramn/cm>
 ea.gec ”__. _ |
at 300°F E ;325 gramﬁ/cma._
B . laeC B
?1scosi£y7-: - \. o ';t 100°F .-' C 11.41 ¢cp
s mc
lt 2_1-0°F : -.2...36 c'p. K _ i

98.9°C
Cat 300°F 1.46 ¢p
148.9°C .
At 3PF 1S cp
e
at 10°F 130 cp
| az@c
'PréssUEé.viscosity- | _ at 32°F ' 7 oz ;51 .
Coefficient (Roelands) oo R
Elastohydrodynamic film thickness and traction data taken at 15 1bf load

(150 kpsi peak Hertzian pressure) 1 1/4 inch diameter steel ball loaded

S1iding speed © 13.74ps  27.4 1ps - 54.8 ips  92.1 ips

h (p-inch) .4 .8 21 33

h (g-inch) o 4 813 L3

S )
Dimethyl Siloxahe DC-200-50

Source DOw?Cornihg_Cbrporation, Midland, Hichigan,'-'

. Data suppiiéd*ﬁith fhé'sample




Degree of polymerization 43

| Data measured

' Viscosity. : _ at
et

at
| at
Density.'_'._- at

at

at

~at

st~ T°F - 23.9°C

at  100°F  37.8%C
- oat 20°F  98.9°C
at . 300°F  148.9°C

§= .35

T°F  25°C

100°F  37.8°C.
210°F 98.9°C

300°F 148.9°C.

T19F 25
100°F  37.6°C
JI0°F  98.9°C
300°F  148.9°C

_Pressure viscosity charqcteristics

-1
egr PSi

128 x 1074
1.36 x 1074
© 1.%3 x 107%

1.53 x 107

"Roelands temperature &iscdéity slope index

30~ cs

- 41.5 cs

17 cs

8.6 €5
.954 gramm/cm
.943 gramm/cm

'_.894 gramm/ cm’

 48_pp

.39,1 cp

187

:15.7_CP

mwuw

.950 grluchm

re atmospheric pressure.

" Elastohydrodynamic film thickness and traction.

Data taked'dfﬂiS 1bf load (150 kpsi peak Herttién pressUre)

11/4 1nch diameter steel ball loaded against a sapphire anvil.

Sliding Speed

hc(u-inch) _j;

'hm(p-inch)""

TC

E 13.7 ips .

'2 .

.069

';3 27 4 ips -

.
2
061

7.3 ¢p.

52

.51

43
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Polyalkyl Aromatic plus additive.

'Source NASA Lewis Research Center, Cleveland, Ohio.

" Data supplied with the sample

| Kinematic viscosity _ at lOO’F' _ 'l':37;6.ca.
| | at'zloﬁp . 6.1 cs |

‘Data measured (40) o - ._

L00°F R0°F . 300°F

| | 37.8°C 9.9°C  148.5°
 Viscosity ¢§ (p_-atm) - 32.2 8. 0 _'. .": 2.1
.ubr. bsi'i B 1,41 x l0'4 1.39 x 107 _-__'
" psi_'_‘ o aar x 1074 .88 x 107 -

_Elastohydrodynamic film thickness and traction
Data taken at 15 lbf load (150 kpsi peak Hertzian pressure)

11,4 inch diameter steel ball loaded against.a sapphire anvll..

1

.Sllding speed : S 13.7 ips _2?.4-ips - 54,8 ips
'hc{p-inch) | . : . s - a8
b (uetneh). - 2 2 s
o s e a2

Synthetic Paraffinic Hydrocarbon (XBRM 109 F4)
Source NASA Lewis Research Center, Cleveland Ohio.

' Data measured - ST
| 100°F " 210°F . '300°F

I S 37.8°C . 98.9°C 148.9°C
Viscosity ¢p C 316 3.6 1 10.2
oo Pt 0 1s2x10 L7 xio Laxi0
e®  psiTt : 1.37 x 107% 1.04 x 10 89 x107%
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Synthetic Paraffinic Hydrocarbon plus Antiwear ﬁdditive (XRM 177 F- 4)
Source NASA Lewis Research Center, Cleveland, Ohio | -

Dasta measured

'JOCF  © 210°F  300°F

37e°c  98.9%C - 148.9°%C
Viscosity cp S ane e 102
oor PLT 182x100 L x107 101 x 107
o* 0 Lmx10 L0 x10% Lee x 107
z .44 46 .46 e

Fluid XRM 177 F4_is of the same'compositiOn as the previous:investigated
fluid D (40). The base fluid is however not from the same lot.
Elastohydrodynamic film thickness and traction for fluid D. Data taken
at 15 lbf.load (150 kpsi- peak Hertzian pressure) 1 1/4_ihch diamete;.

steel ball loaded against a sapphire anvil

:Slidiﬁg spee& } o o 13.7 ips _27;4 ips .54.8 ips
fhé(#éfhch)' h s j.-'_'2'31;_'" -
T 3 s o4 -,035 _;.-"

_Paraffinic Base 011 R-620-12 plus 11.5% Polyalkylmethacrylate (MW=-2.x10 )

Data supplied with the sample

‘Base oil n-ozo 12

nsbu}ce. Sun 011 Company

Viscosity 33.33 cs at 100°F (37.8°C} . 336cs at 210°F (98 9’0) |
$US/100 1%6.2 sus/zlo o aa
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Viscosity index (ASTM D-2270) 102

Flash point a - 410°F

' Fire point . | .'470°F 
Pour point | ' 5°F )
Refractive index . 11,4754 ‘
Deﬁgity gramﬁ/cm3 _.' ' 8596
Molecular yeight-(uﬁ) | a0 *

Polyalkylmethacrylate PL 4523. (PAMA)

Source Rohm and Haas Company

Tﬁé.éolymer was.in solutiﬁn with a paraffinic ba#e ﬁil,'a 150 neutra)
carrier oll similar to the base oil R-620-12; 'Iheir chemical com-
position #re'alike. They differ oniy in their molecﬁlar weight;'.The |
solution'coniains_19% polymer. It has a'kihematig.ViSbosity of 773 |
cs r§'210°F'(98.9°C). The molecular weight:is 4.51 x 196 as meas~
ﬁred with g.peiméation chromatqgraphy method, GPCM; An estimated:

A&

~ ‘molecular weight of 2. x 10° 1s however found by extrapolating from

. viscosity ahd'molepulgr_weight data for lower Mﬂ polyalkylmethaérY1ates,
W = 1.28 x 10°, 828 x 10° and .5 x 105 It 1s believed that the GPP

- technique ié.hot suitable for materiais with_high ﬁolecular weigHt5,
Tﬁe_moleculaf_weight of 2. i 106 aetérmine& ﬁ1tﬁIvigﬁgsity meaéﬁre;
ment s afe_therefore adhéred,to.- The amount pbljmer-reportéd, 11;5%

is the volume concentration in the.finalvsolution. )

_ Calculated from viscosity data using the method of Ao E. '
Hirschler, J. Inst. Petroleum, 32, 133-61, 1946, : '




Data measured

R-620-12
Viscosity (cp)
Density (gfamm/¢m3)

100°F
37.8°C
2.2

210°F
98.9°F
4.5

. 809
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 300°F
148.9°C

1.9

777
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LVSYN TRANSDUCERS h - nsh&:rrﬁrwunn ) . . ) IM-LYSYN.4

WAl TREM DrIvisibM

Thls I.n.lorwot!.m ta prapared lor:

Loy ot Mo a0 (ot ivgm . CALIBRATION CURVE OF YOUR LVs¥n

Serial No. i saa reverss aide - - -

Working range | . — inch Du Standapd LVayn

' ble niroke h S04 revorse side

Sensitivity &5 millivolis per inch/second of velocity . _ X
The Sunborn LVeyn traned linooe (6traight-lina) velocity. Eoch tranad inte of only two paté; o shueldad
cylind ] @il bly, and a high comcivo torce p g The relatl lon of the " ‘undll_neol.lqmuun
a volioge, whose {ude im prop ] to the Ilnea velocity, and wheu dowity indi he d of matd

" The LVeyn ducer featur: Iy d len; thare are M Bprings, l".l‘l. haarings, or othsr dalicate wechon-

imae to gat out of order, Thol_.\r.nunee-mnddlocmwllh“ ik L w tL o aE a trol ele-

menl in o ssvo lewdback loop, Thwe LVeyn con meamsute displacement by using an integrating cireult, ar accelaration by using a
differentioting eireuil,

The mwagrat of this Sanborn LYeyn is a poeclst 1 1, To i the o y and ralickbility designed into this duces
cbeetve the follow ng warnings: ’
1. Do not subject the t to high external magoetic ilelde, ar being the mognet 1Mo contact with ony magnetic matertd,
auch wa the shiald ot the a:l.l.. : .
2. Do not handle the madq - ar try to bend the magnet. Dam&wlhmqutmoahcdimn»

breakabile maguete ot -vqﬂabh us gtandard em; sow iavle. .
3, bocn magnat and coil 1s o matched pair; kesp sach paie togethar.
SENSITWVITY Depends on model used; sse iable.
DINENSWINS  Dapends on model used; ass toble.

OUTPUT. May bé wired lullnql.—nddupuh—gul.lnpm, uuwlh.eolereonﬂll.edlmdumln{hn {igurs balow.
Parallsl aperaiion olso ib)e ot quarter the i givom.
e L. r,____-,__‘

ortandd hiy Coaras: i um,
L (dushed! fur peahogudl

o dnpired, .
— [T NLACTRICAL

LOAS

- | L

llu\

EQI.II\FALIN'I' CIIICI.NT An operecircult voltoge whose omplitude Ls proportional to the instantcnecus valocity, and whose )

1ty indicates the direction of relative motion, 1n garies with the LVaym internal. l.lp.dmc- o Ihom in the Hqure m

-~ For val af i | impedancs of sach model saa table on reverss side.
FREQUENCY RESPONSE D d by the L | impedancs of the LVeyn in conjunction _wuh the electrical lood epplisd.
EXCITATION  None requited; (his 1n a veltage-q 9 tonsdu .
ACCELERATION . Limited by : his uiress in mognetic core.
MECHANICAL IMPEDAMCE  Practically o pure masa. ‘Ges table, . s .
STABILITY Cuhhmnonununﬂoomuhdwm. Il magnet core 1e net subjected to st _. ternal mog tiolds or
uth-rwm-uhmd.lod.__ . R S .
ZERC DRIET  Nona; ot zero n.lcun lacity, the g d open-chreul oviput voltage lo dlso zeco.

OVERLOAD  No dumoge 1f duplm lmite ore excesdnd,

DISPLACEMENT LIMITS  Nominal Workie Fangs and Maximun Usdble

Stroke depend on the model LVeyn used The Luble qives the values; oy G ot
the figuwe to the eight defines the terma,

OTHER MEASUREMENTS c.;. diwy with o staple inlegroting, " T N
, ot cdn wtih & sipgle dift . . o ¥
o ~/ i
TENPERATURE LIMITS  -S09F to +200°F. :
- - . . - Gl LI ———— &
GNET DRIVE ~ Frow either end, from non-nagnellc fod or ehatl, o PRS-
‘ml"ﬁ Any poniti C bei the magnet and the inside of the coll Is permisstble, Mouni the LVeyn so thot the .
alectrical canters § of the magnet and the call coincide when the magmet is @t tha mid-palnt of its atroke (hold-woy between the
. most positive and the wost twy This that the center of the rangs of displocemmnts is ot the center of the
nomina} working range. . Flod the polnt of ! br w the digtunce b thomdo!t!uwumdthnﬂelllu

reaqnet, using the dimensiona given In the chart. Do not confune the \we ends of the oml.

CALIBRATION CUAYE  The recording ot the right iadn scteal recwd wale wth.m transducer, with the magnet meving
thraugh the coll ot a constent velocity. The central of this i pobils to the LYeym sutput carve above. Pe-
calibrotion ssrvics Ly ovalloble at nominel charge, S :
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MAGHET CORE
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HOMIMAL | gLECTRICAL |MagnET cone COIL AND ROUSING
HUMBER | QUTPUT| IMPEDANCE . [OISPFLACRMENT ’
(*N*giver | SENSI. | {cotle connetiad inchew DIMENSIONS wT. DENSIONS wr.
modal Moo TIVITY In serlonh mches @ame inchhas e
nom wanen| L |t . (00) : :
reskablel AEC | s | novaye [Vorbion) ST € [ b |roof | e o | m |OR| T | W
cirout Ranee | Simmko | : L 4
ILVAS 20 3000 DG 050 130 1403 AL 0.3 nl1 20 230 0,135 I-TINF 35
ALVASN 40 1000 0088 030 130 1405 A8 03T4 o 0 .81 0135 |I-7NF 2.5
LV a0 2400 O.0m3 L0 LB L1937 433 0.0 038 2% 100 0125 |-7IHE 4%
ALVI-H a5 2,500 - 0085 b0 190 1937 428 03M oM 0m .35 0155 |-7NF O3B
ALVAY 450 $,000 D9 0.3 LM 1426 .20 0.820 0200 .63 . 250 0,187 4-40NC B0
ALVASH 238 a000 0.8 - 0% 150 L4286 133 oMb o0 83 1.0 GIBT &40NC 8.8
VAR 00 L0001 0 200 2081 450 0831 4300 100 3.2% DUET H4DNC 10
& | LvieN 2 LLO0G 14 0.B6C 2.0 108z 450 0.2 0.R0 |00 250 0,187 &4ONC B3 :
- Vi 500 13,000 LB K 23 2317 5S40 0833 0200 L6 A0 0.1 LMNC 3] »
-« GLVI-N 250 13000 L8 X 24 432 %00 0423 0200 110 2,75 Q.17 440NC 10 xz
: vz 500 19000 2.4 .0 34 anz TO0 A2l 0200 1% 450 O LuhC 15 | 9
o SLVI-N ™0 19000 2.4 2.0 34 33 700 0423 0300 130 373 O.BT #4ONC M :
- HLV3 00 o0t A% 30 42 43 K00 A1 LA 20 525 08T 4MNC 17 | g
" SLVAN %0 5,000 A2 3.0 42 432 900 0831 0200 0 4S50 0.1AT 4d40NC 1T
L4 509 2,000 40 4.0 55 . BT LIS OBI3 OO0 240 875 0BT 4 40NC 32
BLV&N 250 172000 40 40 £ EAIT LLES 0.1 0200 340 400 O.IAT 440NC 23
nva 450 14,000 4% 30 4.8 4607 %7 0OMM 032 a0 575 0N 440RC M
MWV 2%0 14,000 % 3.0 4.8 4887 .75 0.748 0312 1 3.00  0.230 4-40NC 28
Ve s30 21,000 3.4 .0 53 5.437 11.3%  0.M0 032 Mg 675 0,230 $40NC &
VN 50 L0000 3.4 40 LR 5437 11.2% 0B 0012 30 A0 0IW 4£40NC 34
TLY-8 350 1,500 L8 L2 B0 771578 DT 0312 420 925 00250 440NC 84
TLYE-N 150 150 L9 (%] 80 7087 15T 0748 0317 420 850 0250 440NC 49
| mve 10 17,000 2.8 .0 L0 L7 2275 070 0312 610 1175 0.290 440NC 89
TLVEN 130 17,000 1.8 9.0 110  1).087 2276 0748 0.H2 410 11.80  0.450 +-40NC

4

s

a0t 1" om
L VN
. : r THAEADED
< d Lac both endw)
; _‘_‘ | .
BLECTRICAL CHARACTERISTICS o
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Table 14, Diester, 32°F
L/D = 1,35
. Px . NISCP  TAUpYN  NSRATE ~ RE LEOL
9956, ,2189+01 ,5277+05 .2411*05..8511501 4146=02
9950, .. +2108%01 ,5163+05_,2450¢05 ,9085~01 ,4374=02.
9948, .2048¥%01 ,5497+05 ,2684+05 ,1024+00 .4932=02
9945, 21950+01 J11ﬁsinﬁ_4§3931a5“,2392193_41151_34_
9946, ,1962+U1 ,1150+06 ,5860+05 ,2335+400 ,1124-01
9944%. 1961401 ,1105+06. 45&36t05__ZgﬁﬁtQDleﬂﬁltﬂl_
994i, +1993+01 ,1829+¢n6 ,9179+05 3600400 .1733=01
9937, .1970+0) ,1782+06 ,90u8+05 ,3590+400 ,1729-0}%
9933, ,2024+%01" .1891+nb «9346+05 ,3610+00 ,1738-01
+0 7 f+ 51940 176=

9933, .2031+01 ,2555+06 ,1258+06 ,4B434+00 .2332-01
... 9929, - .1970401 2537+06. 41233&ub_45442§Qﬂ_izﬁblﬁﬂl_
9930, 2012401 ,247g+06 ,1231+06 4782400 ,2302-01
9926, +1983+01 ,3359+06 ,1694+06 ,6677+00 .3215=01
9929. +1986+01 ,3322406 ,1673+06 ,65844+00 ,3170~01

. 9926, «1987+01 .3407+06 .;715+g5 H£742400 ,3246=01
9928, +1969+U1 ,3150+06 ,1600+06 ,6390+400 .3058-01

. 9925, . .+1980+01 .33_31n§#4L§94+06 ,6686+0Q_g3219:Q1

- 9924, +1979%01 ,4128+06 ,2086+06 8236400 +3966~01
.. 9923, . «+1973%01 , §m42054+06 8138400 ,3918=01
9924, ,1952+01 ,4105+06 ,2103+06 ,B424+00 4056=~01

20066 +5566%01 ,156R+06 .2§12+Q5 2395601 ,1905=02

20055+ 5559401 ,160p+06 ,2878+05 ,4046+01 ,194B~02
20050, _45551%01 ,1615+06_ ,29p9+05 ,4095-01 ,1972=02
20048,  +5667+01 ,1482+406 ,2615+05 ,3606=-01 ,1736=02
20062¢. +5599+01 ,3049+06 5445405, ,7601-01 ,3660=02
20050, +5579+01 ,3265+06 ,5855+05:,8202-01 3949=02
20047, .5684+01 ,3309+06 ,5806+05 ,7985-01 ,3845=02
20042,  +5599+01 ,52631+06 ,9396+05 ,1312400 ,6315-02"
20039, _+5604%01 ,4892+p6 ,8729+05 .12;e+oo +5862~02
20035, «5602%V1 ,5159+406 ,92p9+05 ,12854+00 .6187-02
20031, - ¢5637+01 7276406 ,1291406 ,17894+00 ,8616=02
‘epueT. .5533*01..$9g3+06_.1§33+og .1gio+uo .a;s;-oa
20022, +5572+01 ,719p406 ,129040 0+00 +B715=02
20059,  +5564%01 ,0uBp+06 .1705+06'fEBUE“ﬁ““"T‘53“ﬁ“j
2005%s  «5578%+01 ,9194406 ,1648+06:,2310+00 +1112-01
20054, +5565+01 ,9326+06 ,1676+06 ,2354+400 .1133-01
. 20048, - «5588B+G1 ,96U4g+06 ,1726+06 ,2%15+00 ,1163~01
20046, +5526%01 ,1150+07 ,2082+06 2984400 ,1418~01
20042y +5529+01 ,11493+07 ,2064+06 ,2918400 +1405=01
20041+ . «5567+01 ,1115+07 ,2003+06 ,2B12+400 .135G=01
21133407 ,2064406 ,2939400

.Zﬂusgo

e 5489401

+1415-01
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Table 14, Diester, 32°F (Continﬁed)

L/D=1.3%
30070« +1420%02 ,1343+07 .9442+05 ,519B=01 ,2503=02
20061e._ 01397402 1775407 ,1270+06,7103=01 o3420-02
S0GB4%, «1436%02 ,1834+07 ,1277+06 ,6950401 ,3346~02
300664....+1399%402 ,1830+07 ,1309+06 ,7314=01 ,3521-02
30059, +1395+02 ,2361+07 ,1692+056,9482.01 ,4565=02
30091, o1401%02 ,2349+07 ,1676+06 ,9350~01 .4502=02
. 300764 ..01385+02 2413407 Lizaaxué43§£_wﬂi_4&1h;rna_-
30068, +1391402 ,2839407 ,2041+06 ,1147400 ,5522~02
30057 _«1320+02 ,288a+07 . Jlnmﬁ_,l_ 02400 .5787=02
30035, .1380+02 ,2805+07 ,2032+06,1151+00 .ssuz-ua
0079, . + *.29.1.9_+_ﬁ~? 0 '
39348, 3372402 ,2047+07 ,6070+05, 1u07-01 .6775-03
$930ds _e3ulet02 2092407 63127405 .1403- 1 6754=03 .
39338, ,3344+02 ,297g+07 ,8907+05,2082-01 ,1003~-02

40191,
40065,

39290,  ,3340%02 .3113+p7 ,9319+05,2181-01 ,1050=02
39254, «3203%02 ,403s5+07 1aao+ue 307401 ,1480~-02
_5.9_3!&3. + 3275402 -3973*{17 ,1 8 D 96=0
39290, +3138+02 5410407 .1vaq+oe 4293-01 ,2067=02
39262,  «3145+02 5260407 ,1672+¢06 ,4157=01 ,2001=02
393557, «3080%02 .,629 +07 ,2042+056 ,51B1.01 ,2495~02
39282, .3n§1$gaﬂla3asyn L2067+06 ,5294=01 ,2549-02
59320o 02"'81"02 01305+08 5261"‘06 1658+00 «7981=02
- 39323..02700%02 , 6 ,1245400 5994=02_
80127, L 34p2+02 .9003+06 25u5+05 6§079.02 §2927=03
.Lﬂ&laﬂ4__.BSAZiQZm;BzﬁBiﬂﬁ_+2ﬂBaiﬂﬁﬁdi_ginﬂa;Lﬁﬁﬁﬁ_ﬂl_
40122, 3444402 9550406 .277u+05 6296m02 ¢3031-03
:&01a94mm.351n_gz_¢anla¢nb 2301 42467=03_
---40152. .3392+02 «1967+07 .saun+05 1337-01 .suasuoa _
' 40198. .3405+02 «209y+07 .61u9+05 1411-01 o6796-03
40151, 133321_2m4hﬂlgtﬁzﬁ.QﬂbﬂiﬂiL;ZL_ﬁnﬁl_JlﬂiELjHL_
B01ple +3286+402 ,3052+07 ,9287+05 ,2209~01 -+1063=02
40190. o3 Qazggﬂaanlu:nz_t_esn_nﬁ 22099=01 »1010=02_
40139, .3235+na 4188407 .ﬂaqs+os 3125-01 +1506=02
C 401093. +0 7 +06 (3237 55
40182, .3248+02 .4187+o7 .1za9+06 3101-01 .1u93-oz
#0106 '.3139*02 53834-0? 1715+05 4271-01 ,2055.02 |
0194, nalﬁﬂfﬂz_gﬁﬁaltﬂ? .1119_06 421601 .2030=02
#0153, +3151+02 ,545g+07 .1730+05 4291-01 22066=02
‘40198, +0 3%9u+n7 . - S5
W015%. .3062+02 .5u01+07 .2090+06 5335.01 «2569=02

6458407 2106406 ,5368=01 ,2585=02
03067*02 06333407 .20654—06 5254-01 02534-02 :
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-Table 14.

119893,

¢ 5655401

+2021+06 ,

3574405

+2516+400

Diester, 32°F (Continued)
" L/D = 14,9
.. B3 VISCP-  TAUgYN _ NSRATE . RE LEOL
9860, +1951+01 +9307+04 4771+04 973701 ,4248=03
9882,  ,1916+01 ,9189+p4 ,H797+0H .9968-01 ¢ 434903
9848, .197a+01 1003405 ,5070+0% 51021400 o4453-03
__ 9649, 47 “n§_41ﬁ2ﬁiﬂ&_;1§ﬁliﬂﬂ_;§§§2:;jL
- 9843, .197a+01 1526405 ,T737+04 ,1562400 .6815=03
_9B73. 193 z+_L,;1i&9“ns__.,1mM38+_0n_Lm:ﬂ;
9867, +1896+01 14772405 ,7790+04% ,1636400 ,7138=03
 9BR6.  21956+01 ,1505405 7686404 ,1563400 ,6819=03
9862, +1932+01 ,2103+405 ,1087+05 2240400 ,9776~03
9 +0 48+05 9405 ,2198+00 ,9589-~03
9866+ 1969401 ,204p+05 1039405 ,2102+00 .9172«03
98748, L1962+01 ,2092+05 1066+05 .2164+DD i 3~03
. 9872, +1929401 ,265g8+¢n5 13m8+05 « 2884400 ,1241=02
______ 9868, 41977401 .2799+ob_, hi2+05 ,2B43+400 ,31240=02
-9355.. +1913+U1 ,2683+05 ,1402+405 ,2917400 ,1273=02
_9B881. 21955+01 ,284a+455 .1&57+Q5 .3968+OQ 21295=02
9866, 41931401 .8564+05 ,4435+05 ,9142+00 ,3989=02
__gﬂagl“mllaaﬁig;mlﬁggzxﬂﬁ_.3213+05?.6?58+00-.2949-02
9865 «1904+01 ,850p+05 ,4464+05 9334400 4073-02
9883, _»2529+01 ,1622+06 ,641u+05 ,1010+0) ,4406=02
9888« +2559+01 1642406 ,6417+05 ,99854+00 (4357=02
- 9893, .2718+01 ,1745+06 ,6421+05 ,9406+00 ,4104=02
9897, .1939+01 ,2793+405 ,1443405 ,2962400 ,1292-02
9896, _+1975+01 ,287g+05 1455+05 ,293@+00 Plaau-oa o
19891, «5429+01 ,2942+05 5419404 ,3973201 L1734=~03
19874%.  +5452¢%01 ,2857+05 ._,a7+04',331&-01 »1665-03
19865, .5359+01 ,2B839+05 ,5297+04% ,3935~01 (1717=03
19859, 5275401 +2739+05 ,5192+08 ,3918«01 ,1710=03
19853, .5380+U1 .435+05 ,B8097+04 ,5991=-01 ,2614=03
19889, +5402%01 ,4238+405 ,7B47+04 ,5783-01 ,2523~03
19887, +5351%01 ,42Ba+05 ,79668+0% ,5894.01 ,2572-03
19882, +5391*%01 4417405 ,8192+04 ,6049«01 +2639~03
19876, ,S5507+01 6040405 ,1097+05 ,7928.01 +3459=03
- 19870,  +5413%01 ,5308+¢05 ,1092+05 ,8027~01 ,3502-03
198659, 35402+01 +B15+05 ,1140+05 ;8599-51 . 3605=0%
19878, ,L5391+01 ,5824+05 ,1081+05,7981~01 ,3482=03
19871, «5411%01 ,598p+05 ,1105+05.,8130-01 ,3547=03
198664 5415401 7902405 ,18459+05 ,1073+400 ,4682=03
1985%. .5384+01 B8094+05 ,1503+405 1111400 4849=03
19394....535u+01 « 7893405 1474405 ,1096400 ,4762-03
19892, +5379+01 ,7811+05" .1452*05 +1075400 ,4690-03
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Teble 14, Diester, 32°F (Continued)

L/D = 14.9

19890, .5378+01 1543406 ,2869+05 ,2124+00 ,9267~03
19891,  +5500+01 ,8807+05 ,1601+05 .1159400 ,5056=03
19889.'-05317+01 01380*06 .2595405 .19“3400 03“79-03
198p%. = ,5442+01 ,122p+06 ,2256+05 1650400 .7199=03
1.9835' 5523401 ,1973+06 ,3572+05 ,2575+00 ,1123~02
29896, .1394+02 2977405 .2136+04 610102 ,2662=04
29 389+02 ,2709+05 +04 558602 ,2437=04
29879, .1uoa+02 3114405 .2z1a+ou _5255-02 «2729=04
29875,  .1382+02 ,3171+405 ,2295+04 ,6613=02 .2885=04
29858,  +1406%02 ,6955+05 ,494B8+0% ,1401.01 ,6113-04
29a57. .1390+02 « 7017405 5050404 ,1447.01 ,6312=-04
______ 29843, o1415+92 ,7255+(5: .5139+04 L1443e0] 4629704
29856, #1378+02 ,1113+06 ,Bp82+0% ,2335.01 ,1019~03
29855,  .13956+02 ,1089+Dn6 .7795tgy ,zzzsno 2 9699=04
29853, .137b+ua « 1064406 7741+04 2241=01 ,9779=04
29873, 107= Q2w
29869, .1385+02 +1501+06 .1083+05 .3113-0% < 1358=03
- 29864 21363+02 ,1562+06 1146405 ,3347-01 .1460-03
- 29864 L1340%+02 ,L1485+06 ,1108+05 ,3292-01 ,1436«03
£9B865. 21351402 ,157y+06 ,1185+05 ,3432-01 ,1497=03
29885, +1379+02 ,7104+05 ,S5151+404 ,1487-01 ,64B87=04
29885, .1365+02 ,6%%s5+05 5089404 ,1484-01 ,6476=-04
- 29861, .136n+02 204 +06 1501+05 J43%=01 ,1917=03
29858, «1348+02 ,1999+406 ,14A83405 ,4379201 ,1911-03
- 29856, .1355+02 ¢2022406 ,1492+05 ,4381-01 ,1912-03
_m3235&1 113Q5+02 |6940+05 -5159*04 .1527n01 06662-0q .__
60 +0 Stg+06 5 385-0 14770
29851, L1348+02 .2049+06 1520+05 LU#88-01 .1958-03;
298724, mlaBﬂ__a_Lgiﬁgia§_4§5&Itﬂ5 «1103400 .4812~03
29874, .1233+02 ,5143+06 ,4171+05_ ,1347+00 ,5876=03
QQ&QZ. 2 3572+02 ,7B3g+nh .21”:- 4 24460 67=04
39800 3339402 ,7961+)5 .233u+04-.2842-02 «1240-~04
39814, +3358+02 ,6045+05 ,2396+04 ,2840-02 43123904
3989, +3352+02 ,790g405 ,2358+04% ,2801-02 ,1222=04
_ 39819, 43330402 ,7494+05 .2251+404% .2691-=02 .1174=04




202

Table 14, Diester, 32°F (Continued)

L/D = 14,9

39820, ;3315"'05”;?3254-E]Sn.“:_és.f,i_;_ﬁ_f}_.2835_02 “1237=04
353+04  g441-02 ,2810-04

39837, 43309+02 ,1771+06 ,5353+0

3987« 4330502 1643406 ,4972+04% ,5989.02 ,2613=04
39798, ,3297+02 ,1794+po ,5441+0Y%  6568-02 ,2866=04
- 397964 3337402 ,1820+06 ,5455+04% ,6508-02 ,2839~04
39790 +3281%02 42607406 ,7945+04% ,9639-02 ,4206=04 -
39788, 3321402 2614406 ,7872+04 943802 ,41ia~04
_39822, .3278%+02 ,2597+06 ,7922+40% ,9620-02 ,4197-04
39820,  +3315+02 ,2764+06 ,B8337+04% ,1001-01 ,4368-04
39813, +3258+02 (3667406 ,1125+05 ,1375-01 ,5999=04
398164 +3206+02 ,3737406 ,1166+05 ,1447-01 ,6315=04
39817, «3240%02 ,3625+06 ,1119+05 ,1375-01 ,5998=~04
39823, 3287402 . 3675+06 ,1118+05 ,1354=01 ,5907=04
39 . +02 ,467)+06 ,1457+05 ,1810«01 ,7896=04
- 39895.  «3195+02 ,474%2+06 1484405 ,1849~01 ,B069=04 .
_39812. _+3201+02 ,4829+406 ,1509+05 ,18 8189-04
39811, +3193+02 4745406 ,1485405 e B077=04




32°F (Continued) -
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19975, ..

Table 14, Diester,
. L/D = 27
'mmwﬂamw.nmmVISEﬁﬁhwlauniﬂ___ﬂiaﬂl_ RE LEOL
4977. 01092+01 02526"04 02313"0“ 1393"00 .3050-04
4971,  410B4+0L ,262p+04% ,2017+0Y4 ,1466400 ,3212-04
4966, .1078*01 .2600+ou +»2411+04 .1470+00 .3220 oy
) e 7¢08
4964, _,1092+01 3979404 ,3636+04 .2190+00 .u795-0u
. .4960. .. 1101401 32211ﬂ3.,§bzu+04 42__§¢Qﬂu4&1§3__§_ :
4955, ,1082+01 ,392q+0% 3622+04ﬂ.2201+00 «4819=04 .
4954, _»1101+01 .4063+¢04 ,3690+0% ,2203400 ,4825-04
4955, 41090401 5449404 ,4999+04 ,3015+00 6604=04 -
__ESL_MQLMHM 3101400 .6792=04
4948, «1090+01 ,553g+0% ,5079+04 ,3062+400 .6706=04
Wﬁ&35ﬂ4_ «1079%0] ,7672+0% ,7113+0% 4336400 ,9495=-04
4951, .,1076+01 ,7565+0% .7029+0“ 4294400 49403=04 .
4949, 01078+031 0?76@*04 -?201_"’0""_.4393'?00 962104
9951, «1923%01 ,196p+04% ,1019+04% ,3485.01 ,7631=-05
9928, .2019+01 ,201g+0% ,9983+03 ,3250«01 .7118~05
9922, _41994+01 ,217g+9% ,1093+04% ,3603«01 ,7891-05
9921. +1944+01 4795404 ,2457+0% ,8340-01 ,1827=04
9957, 2007401 5137404 .2559+uu .8382=01 ,1836=04
© 9954, 1994401 (4997404 ,2505+0% ,B258-01 ,1B09~04
9950, . +1961+01 ,502p404% ,2563+04% '8592-01 «1882=04
‘9951, «1940+01 ,7163+0% ,3692+04 .1251+oa «2740=04
9945,  41939+01 7314404 3771404 1278400 ,2800-04
9952, +1944%01 ,71l4g9+04 .3677+04 .1243+00 £ 2723-04
99504, +1963+01 ,7505+04 ,3824+04 ,1281400 «2605=04
9943, _o1955+01 ,7379+04 .3774+0u »1269400 ,2779=04
‘9941, - +1945+01 ,1049+405 ,5394+04 ,1823400 ,3993-04
9941, 1938401 1025405 ,5291+04 ,1795+400 +3932=04
-~ 9954, +1924+01 ,1008+05 ,5235+0% ,1788+400 ,3917=04
. 9975, +1947+01 ,1019+05 ,5232+04 ,1756400 ,3869=04
9978, .1954+01 ,104q+05 .5326+ou 1.7-..92+o-o * 3925=04
9980 «1937+01 ,72%4+04 ,3766+0% .127B+00 +2799=04
9979, .1931+01 ,7534+0% .390 +0% +00 .2910-0y
9981, . «1934+01 ,4575+04 ,2356+04 ,3044-01 .1762-04
20004, +5512+01 ,5568+4p% ,1010+04 ,1205-0]1 .2639~05.
19989, .5586+01 ,5B86g+04 .1050+04 .1236-01 e 2707=05
19983, ,5568+01 ,585a+04 ,1052+04 ,1242-01 +2721=05
15982, - «S40BY01 (14265405 ,2636+0% ,3205=01 .7020-05
o S409*UL 1447405 .2675+04 3251-01 ;?12&-05'-
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Table 14. Diester, 32°F (Continued)
L/D = 297
19987,  +5469%01 ,1320+05 ,2431+04 ,2922.01 .6355=05
.19984%,  +5263+01 ,1302¢05 ,2474+0% ,3090-01 .6766=05
19975, -+5525+01 ,1313+05 ,2375+04 ,2826~01 ,6190~05
19987, . +5443+01 ,2137+05 ,3926+04% ,4741-01 ,103B8<04%
019981, «5477+01 ,2109+05 .3851+04 ,4622.01 ,1012=04
019989,  +5588+%01 ,2125+(05 3803404 L,4474a0] ,9799=05
19986, 4553501 ,2162+05 .3907+04% ,ub¥1~01 .1016=04
219985, +5521+01 ,3014+05 ,5459+04 ,6500-01 +1423=04
19979, .5478+01 ,2893+05 ,52681+04 .6337-01 ,138B=04
19977, +5533+01 ,3066+05 ,5541+0% ,65B4-01 ,1442=-04
19993, 5389401 ,28ky+05 ,5272+04% ,6832-01 ,1409-04
.. 19998, 5391401 ,28B4+05 ,5343+04% ,6513-01 ,1426-04
19996, <5469+U1 ,1421+05 2598404 ,3123-01 .6839-05
19998, .5457+01 ,20754+05 .umom+oa 4579401 4100304
pomom. .wum:+cp .wuow+cw mmm=+o: +3137«01 ,6869=05

hwwmw»:;amunmwmp|bbpbuwpc|Prhuuwpmi 1384«0) ,3031-05_
19999, 5315401 ,5779+04% ,1087+0% ,1345-01 ,2945=05
1nmmﬂkrttpHuNbibN:rPwwmhbu|bpbmmhb!lbmbwuubmlhkhhmlbu|
29971, +1410+02 ,1525+05 ,1081+04% ,5040=02 .1104-05
ibmmwp?ikphvﬂLEthuh#wam:ttEKKDWipbi@t&EPthmwlbm_
29987, .1365+02 ,1503+05 ,1101+04% ,5300=02 ,1161-05

29989, .1335+02 .......Nqﬁbui.w 454404 ,1209-01 ,2847=05
29984,

cHUOm+ON auum:+om .Nme+O$ onMMIOP -Nmoulam
oHG@O.—.QN oUMDm.TOU .NMQN.?Q# owNNleH cmmﬂhlom
.Nmmmmr. _____ £1435+02° 2409 127

29959, .PFNQ+ON « 3701405 .NW@O*OF HMGNIOH .N@Holcw
-299g4,. . hP#bNH@WIPPoNHHDmstPPquW.bUboml@mthbl.low
29979, +1358+402 ,1894+05

29973, ,1052+02 .1376+02 .

171w

29969, -+1418+02 ,5418+05 ummm+cs <1772=01 .ummmlom
..INMWDMbil-PPUD+DJI#MFOP@DM!&M@PDI@W 1755=01 ,3844=05_
29961, 1421402 5377405 ,37B4+04 .pqmp Q01 .umu:iom.
39979, . »3187+02 ,357p ibm|+wp~pwpm1»mm~ 02 60=06
39959, L3345+02 .umqm+om 1100+04 ,2162-02 .aﬂurlom_

$000ls 43398402 ,3415+05 ,1005+0% ,19%4.02 ,4258=06
39977, 3515402 ,4082+05 ,1161+04 217102 ,4755-06

39999, .+3381%02 ,3781+05 L1118404 .mpqmnom W 4763-06

Hpoo+cc + 532502 . .ﬂhomlom.
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‘Table 14, Diester, 32°F (Continued)

Averaged Data Points L/D = 297

P (psi) vV (cp)

.0 ' 57500402

49583404 .10865+03

99520404 . 19534403 :
T 1998940% 54574403 E
« 29980405 -+ 13990+04

. 39983+0% T 433652404
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- Table '15. _Diester,.10°F o
L/D=1,35

VISCP_ TAUpDYN _NSRATE RE " LEOL

9978.

L4895+01 ,1131+06 ,2310+05 ,3688-01 ,1776~02

9963, . 4680+01 1146406 ,204B+05 ,40881ﬂ1_LuwﬂLJuL_
- 9977,

9963,

9959,

9955,

_9971.

‘9948,

9971-
__99¢6.

9970,

.4645*01 .1090+06 2346+05 3948-01 .1901-02

.4706*01 s 2724+06 5739+05 9615-01 .usso-aa
q&lﬁ_gl_42§29}n6 .5?nu+05 .965?-01 2+ 4650=02
.4535+01 e 2739406 ,5972405 ,1018+00 4901~02
24639401 ,2661406 5737405 ,9665.01 ,4653~02
+4p22+01 ,2671+06 57&0+05 ,9776=01 4707=02
..4761*01 2773406 5821+05 «9555201 L45601=-02
_.&ﬁﬁﬁi,lﬁlzﬁﬁz&ﬁﬁ_4§Z&B+Q§q.2§29-Q1_L95§§_Q2
4657401 4303406 ,92640¢05 1551400 L7467=02

__296ﬁ4_u;&ﬁll*QL_;QZZQtn§+;_Z&]tﬂ5 1565*00 07537-02

9968,

9955,

.4639*01 .4192+06 9037+05 .1223+00 1 7332=02

.4637*01 4281 +06 9232+05 21556400 ,7492=02

_99g4, 44631_Q1.;H&QJL0&_+2135135ﬂ+1Q_Eiﬂﬂ_Jlﬁﬂz_QZ_

9965,

2967

- 9971,
9966,
99495,

9957

: 9972;

9976,

.99a1,

«4618+01 ,5732+06 ,1243+06 ,2100400 ,1011-01

_a4642+01 ,S809+06. 412521D&_421Qﬁiﬂﬂ_glﬂlﬁ-ﬂl_
_.4666+01 ¢5695+06 1221+06 .20;5+00 9846-02

.4653+01 .7895+06 1697+06 +2850400 .1372-01

__22594__JHﬁﬁﬁt_i_Jﬁbﬂaia_“4l22ﬂ_ﬂb.LZQ_iiﬂﬂ_JjﬁﬂL_JBL

«4710%01 ,7840+06 ,1665+06 ,2763400 ,1330=01
_«465u*01 7850406 .1689+06 ,2836400 ,1365-01
.4625+01 «9228+06 .1995+96 .3371+00 ¢ 1623=01
+06 .19&2+B§ L 3305400 ,1591=01
.4545+01 +911p+06 ,1961406 ,3299400 ,1588=01
«4596+01 ,9660+06 ,2112406 ,3574+00 ,1721=0)

_ 9979,
19608,
19688, .
19688,

“o4614+01 ,OUk)+06 ,2046+06 ,3467+400 ,1669-04

*1434+02 4377406 ,3053+05 ,1664.01 ,8012~03

m.l@ﬁ31g2_4ﬁﬁ53tﬂﬁ_;zﬂﬁbiﬂﬁ_,]3aﬂ_gl_tﬁaglggl .
J1404+02 ,335g+06 ,2391405 ,1331-01 .5“10*03

19689, ,143u+02 ,7978+Q - -
19689, 1435402 ,763a+06 ,5324+05 ,2900-01 .1396-02
19685, .1432+U2 ,8011+06 4§525_ﬂ§w430_&gg1"1QIQ:#2

19682, 1418402 ,124g+07 ,B744+05 _,4821.01 ,2321-02

19684, _,1428+02 ,1273+¢07 ,8910+05 ,4876.01 ,234B=02

19682, +1411402 ;1237407 B764+05 ,4852-01 ,2336-02
ﬂ01211fﬁ§;

19884,

ilﬁlﬁtﬁz

1717407

;62“7?01

s 3249-02
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‘Table 15, Diester, 10°F (Continued)

L/D = 1.3

T 3297=02

19682, _«1396%+02

218272+07 ,1307+06

19682, +1602%02 ,1722+07 ,1228+06 684701

L7306=01 ,3518=02

19681, ,1394t02
49679, _+1392%02

2316+07 ,1661+#06

2275 +07 ,1634+06

.9312~01 ,4484=02
19175«01 ,4418-02

19685,  .1385+02

«2299+07 ,1660%06

0936701 ,4510-02

19600, +1367+04 ,94ar06 5081403 290405 ,1398-06

19675, +1402+02 ,1249+407 ,89(G7+05 ,4964«01 ,2390~02
19676¢ _ «1406%02 ,1268+07 ,9015+05 ,5011=01 .2413=02
19676, J1410+02 ,1263+¢097 ,8954+05 ,4964-01 ,2390=02

19675, _o1u802+02 ,1260+07 ,8991+405 ,5013-01 ,2414-02
19671. 1407402 «123g4+07 «8708+05 ,4888.01 .2354-02
20047, 1432402 .3482+06 .2#31¥63 .1327=01 ,56388-03
2003%,  +1419+02 3365406 2371405 ,1306-01 .65286=03
20031, +1431+02 ,3350+06 2341405 .1279-01 056158=03
200324 21423402 , 8280406 ,5B18+05 319601 ,1539~02
20025, .1424%02 ,8603+05 ,60u3+05 ,3318«01 ,1597=02

S5074=01
79=

 2UGuD._ _«1435%02 ,80%3+406 .5608+405 ,3050401 ,1470~02
- 20039, .1423+ua 1315407 auo+05
A 7

»2443=02

28373,

20035, ;1u1a+oz \1271407 .agau+os 494201 .2380-02
26030.  L14814¥02 ,1738+07 ,1229+06 §1_2_91_4§219:Qa_

20027, +1396%02 .1850+07 1325406 ,7417=01 ,3571=02"

;_zanzﬁ4 _41&ﬂﬁ+02 +1T29+07 .;235 06. .6398-01 »3321=02
20029, .138u+02 2284+07 .1650+06 .9318-01 .uuaa-oz
200254 7 5

20047, o1395*02 .2257»0? .1617+06 «9061=01 .h363-02'

.2ﬂﬂkim__Jl3ﬁﬁ_ﬂa_42§nblﬂ} .Lﬁﬁ]+"6 9350-01 1“502-02
20037. +1376%02 02309+07 1679+06 +9537T=01 +4592=02 -
20032 413.6.&._92_&735?.&7 3_2_0_0.5!.0.._. 411504‘00 +5538=02

20(38¢ 01553+02 o2757+07 .2036+06 .1177+00 .5665-02“'
' ; 7.

: _ | _ ) + 20 -
27664, .3901+UE %3 u+o7 6033+05 $1209-01 .5820-03
—azaear——fsasatﬂ2_+azsa*sl-f5859¢35u,4121.31“*5555*33_'

28130, +3745%02 o3518+07 «9393+05 ,1960-01 .9#39-03

28250, +3667+02 4549407 .1auu+oa_,gauu-01 .1273-02
3647402 4662407 1278406 274001 ,3319=02
328339. .3653+02 .457g+07 .12ﬂ1+06 .263u-01 .1268-02

28345
28412, 3521402 (5941407 1687406 . 3745201 .1503-02

26457, +3430+02 + 7134407 2080406 .u740-01 .2282-02
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Table 15. Diestér;”i0°Ff(C6ntinuéa)'"

L/D = 1,35

L '—e o LU _._1 . . ] . . . )
zeuaz. .3719+02 .1322+oa 4853+os 21398400 ,6731-02
28863, -

976=02.
28850. +2928+02 .1227+DS u190+06 .1115+00,,533u-92

290b80' 02551+02 01573+08 6166+06 .1889+00 09097-02
29¢28, - .2739*02_r4uu4*98_f5a33¢06 +1508+00. ,7260=02.
_28989} e 2837+02 01327+08 +H679406 .1289+00 06208-02
30119. .3830%02 ,9992406 .2609+05 «5324a02 +2564~03
30109, «3901%02 ,9500+06 ,2438+05 ,4B885-02 12352=03
30089,  +4046%02 ,1038+07 ,2566+05 ,4957~02 qzaaﬁw%au
30076, +3931+02 ,9853+406° ,2507+05 ,4984-02 ,2400~03
30119 «4112+02 ,9645+06 ,2346+05 445902 ,2147-03
30122 +3979402 .923u+06 +2321+05 4558202 .2195~03
S0113a. e 331%2&8107_-_9.0.9";&.5 2120301 .5792=03
30121, -.3822*02 .231?+07 L0062+05 ,1240-01 +5969=03
. +5925£ﬂ5. 71

30133, .
30113, .3733002 .3482+07 » 9204405 1901n01 «9155=03
J30124%. + _43559135M412212g1_43555:g5_
30119, .3747+02 .3433+07 ¢ 2174405 ,1914«01 .9214=03
30105, . +3618+02 ,462¢ +Q7 .1278+06 .2761-01 ,1329=02
30115, -3628+02 o 4644+07 ,1280+406 275801 ,1328-02
30100, 23 75u+07 ,1310+06 262001 ,1358+0
;;nxas___Lassg 2m45_§43n1_;1§531n__.36 1=0) +1767=02
30003, +3520+02 +5993+¢07 ,1698+06 »3762-01 ,1811-02
i;ﬂllk. _+.3555402 , *:1ﬁﬂ? I?D&tQB .375_:QL Llﬁgg:_a,

.33726. .9073+oa .3153¥n?- 18996+05 .7?50-02'.373a-03
38743, £05_ 7656202 o 3686=03_
38764, 9734402 ,5357¢07 .5503405 .4419-02 ,2126~03

. 38739, + 07 .,9077+¢95 ,7838w02 ,3774=03
38769, .9o7e+oa .3133+o7 8961+05 p77%7-oa .3?16-03\

38717. 8714402 ,1095+08 .1251+06 1122-01 5402-03
'-35648+——¢11961ﬂ2_+&32uiaﬂ—fl6Qatﬁﬁef11ﬂ3-ﬂl_+81992ﬂ3;
- 3B8590. +7833+02 ,1334+08 ,1703+06 ,1699=01 ,8181<03

38551, -+ 74B1402 ,31519+08 2031406 ,2122.01 ,1022=02
‘38610, .7394+Da .1514+n& +2048+06 ,2165-01 .10#2-02.

_ | *RH4I-01 . 2138m02
- 38695, '“3“1?03:!2?“2+03 .556#+06_,914qpp1_,qgg3-oz.,
38680, 6256402 ,3055408 3279406 . 4096=01 .1072=02




Table 15. Diester, 10°F {(Continued)

L/D = 1,38

209

.5708402 ,2343+08 ,4105+06 ,5620-01 ,2706=02

3874 le - +BUILHU2. 2455408 4515406 ,6498a01 ,3129=02.
38687. 4526+02 2975408 ,6575+06 ,1136+00 ,5468=02 -
43116, 9579402 ,253g+07 2544405 ,1992-02 ,9593~04
MG11Y%e 210066403 ,283p+07 ,2820405 ,2190-0 54=-03
40118, +9956+02 2774407 2787405 ,2188.02 ,1053=03

| 40126be  «9411t02 ,5601+07 ,5952+405 ,4943-02 ,2380=03
%01y8. +9436+02 ,587g+0n7 ,6229+405 ,5159.02 ,2484=03
40108e. 29453402 ,5693+07_ ,6023+05 ,49B80-02 2398=03
40131, .8645+02 ,8264+07 ,9559405 ,B643-02 .4161-03
40114, .8660+02 ,8414+07 ,9496+05 ,8378.02 ,4034-03
Wol16e «8848+02 ,8244+07 ,9317+05 ,8230=02 ,3963=03
 SU0BLle  +8553+02 ,9297+07 ,1087+406 ,9933-02 ,4782~03
4011%. 8762402 ,9543+07 ,1089+¢06 ,9716=02 .4678-03
40077, «8391+02 ,1039+08 ,1227+406 ,1143-01 ,5505-03
40128, .B372+02 ,1062+08 ,1269+406 ,1185-01 ,5703-03
40099, »8441402 .10%9+¢08 ,1243+406 ,1151-0} ,5543=03
40063, +Bu16%02 ,103a+08 .1234+06

+«5518=03



_ff.ai.26.il
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. Table 15, Diester, 10°F (Continued)

L/D = 14,9

-1 S uISCP L TAUDYN. . NSRATE  RE  LEOL .
39766, .. ,9943%02 ,2220+06..,2242+04% [ B977.03 ,3917=05
39737, .9545*02 e 192+06 .2018+04 .8437-03 .3673-05
397749, 4950602 ,4932+06 5168+04 ,2173-02 ,9480-0%
.39152+_,.gsaatua.*uﬁﬂatuﬁ.*5015¢n&_+2113_ua**szalras
39761, .9186%+0U2 ,734a+06 ,7997+04 ,346H6=-02 ,1512-04
- 39766, +93223%02 ,734g+05 ,7959+04 343502 ,1499=04
- 39764, +9169%02 ,7253406 » 7909404 .3;34-02 ¢ 1498=04
- 39749, L8750+02 ,0439+406 1079405 490702 ,2141-04
39737, ..8716%02 ,972p+06 ,1116+05 ,5097=02 ,2224-04
aazgn.“m.89511ﬂ2_+9112¢g6_ 1024405 4552«02 ,1986=0Y4
29640, .3808+02 8771405 ,2303+04 ,2408~02 ,1051-04
29629, aﬁﬂqxa5_+231113&_,2_L;"Q2_L1n51_ng
29631, _.378#*02 1947406 ,51u6+04  ,5413-02 ,2362-04
: . _ 588202 ,256A=04
29632, +3698%02 ,2979+06 ,B055+04% ,8672.02 .3784~04
29634, ..3693%U2 .3024+06 ,B188+04% 8826402 ,3851=04_
29631, +3636%+92 ,3994+¢06 ,1096+05 ,1203.01 ,5247=04
29629, 3626402 4113406 ,1134+05 12&Saﬂl_45552_ﬂa_
29629, .3568*02 .5233+0b. 1468+05 ,1638«01 ,7147=04

tﬂﬁ_&1&55tﬂ5_41_*ﬁwﬁl_Lllzﬁwﬂq
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| Table 16. Dimethyl Siloxane-DC - 200 - 50

100°F, L/D = 297

 VISCP . NSRATE

Dc200~20C59CAPﬁv199F.3-23-71

"KEC  PELTAP TAUDYN REYN

5432, ,7502400 ,2398+05 ,8678=p1 .3065+03 .1799+05 « 2661401
5355+ 7395400 ,1628+405 ,40a3~01 2052403 ,12004+05 ,1333+01 -
5355, ,6985+00 ,1748405. 44614=01 ,2080+03 ,1221+405 ,2084+401
-5355;““.7046+00 IG5 05 570 9=01 2535403 , 1370405 2298401
6§355¢ 7301400 ,2781405 1168400 ,3860+03 ,2031405 ,3172401
T B355, J7T415+00 ,23BZ¥05 B53~01 .3009+03 1766405 2674401
5355. 6832400 ,2270+05 +7777=01 2642403 ,15514+05 ,2766+01
11186, .,1272+01 ,9391404 ,13351=01 2034403 , 1194405 ,6149+00
11147, , 11448401 ,1199405 ,2170=01 .2%36+403 ,1371405 ,8728+400
11186« .1236401 .1658*05 oa182=p1 ,3493403 2050405 .1117+01
11186+ ,1211401 1449405 ,3168-01 ,2990403 ,1755405 ,9957+00
11225,  ,1208401 ,8636+0%5 3244+00 ,9583+03 ,5601+05 ,3194+01
11225, 1252401 ,5275+05 .uzoo+oo +1125404 8606405 ,3507+01
11186, 1386401 ,SB74405 5209400 L, 1387+00 ,al140+05 3530401
11186, .1196401 6374405 ,6133+00 .1?99+04_.7622+05 JUu38+401 .
11225, .1128+401 6494405 ,6356¥%00 ,1248+0% ,7324405 ,E?§ﬁ+01
19907, 2573401 ,6591+04 ,6558=02 ,2889+03 ,1696+05 ,2133+00
19758, 2526401 E6314+04 .6017=02 2717+03 ,1595405 ,2081+00
20056+ L2542+01 .6737+0u 6954=p2 2039403 , 1725405 ,2223+00
19758, 2442401 12U47+05 ,2347=01 ,5187+03 ,J045+05 ,5252+00
19907, ,2517+401 ,1578405 .37pl=0l 6769403 ,3973+05 5222400
19907 .26694+01 1179405 ,2097=01 5%59+03 3186405 3677400
19907« 2576401 ,1300+05 .2549=01 .5704+03 .3343+05 .#900+00.

- {OTSE. T T2336501 4237005

8E*0 $U0 5
.1195+00 .1161+0ﬂ .6813+05 .9678+00

19907. 2421401 2814405
19907. 2448401 ,20535%05 635501 <B%66+03 7, 502B+05 ,6983+00
29445, ,5311401 ,3630¢04 +1989=02 3285403 ,1928+05 ,5692=01
29445, 7 ,5338401,4183904 264102 ,IAD4+0T 2233405 ,6525~01
29445, ,5200401 5130404 ,3972+02 4545403 ,2668405 ,8513=01"
‘“éQﬁﬁS?'*“52574UI L6B50F0F (708%=02 +6077+U3 3567405 ,1095+00
29445, 5371401 .3397+04 .106a-o1 + 7684403 ,1u510405 ,1302+00"
29445, 7 ,52454+01 BU60F04 L 108001 L, 7561403 L4u38+405 1343400
38386+ ,9816401 ,3177+04 ,1523=02 5212403 ,3118+05 .2595-01
38386, ,99351401 ,U0UBTOL L 2HET=02 6RUG403 5017405 L33
.2234-02 .6*74+03 .37u1+05_.3995-01r

38386,

(9723401 3847404
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Table 16, Dimethyl Siloxane DC - 200 - 50'(Continued)_

100°F, L/D = 297

38386, IUY5F 0T L STBEFUN 216602 +6128¥03 L 3597405 < 332201

38386s 9933401 4045404 ,2069~02 6A45+03 ,4018+405 ,3390-01
47775 1947402 2036404 (6258<(G3 6754403 3965405 ,8708~02
47775« 2044402 1464404 ,3236=03 ,5100+03 ,2993+405 ,5963-02
47626, ,2087402 1778%04 (4T72<93 6321403 3710405 ,7095=02
47626+ 1933402 ,1815404 497403 ,5979403 ,3509405 |,7a18=02
476264 21990402 JTI09¥0H . 25a8=(9 4uUJF03 ,2606+05 5476=02
58803, L4856402 ,6695+03 ,6767~04 ,5540+03 ,3252+05 ,1148=02
. 58803, L,4915402 5245403 (G152=08 ,4X92403 2578405 ,B884=03
S8654. .4812402 ,5803+03 .50a3~0% 4757403 ,2792405 ,1004=02
58803, L4913402 ,6323+403,6036=04 ,5593403 ,3107+05 ,1072=02
68936+ .1202403 ,2172403 ,7123=05 ,4450+03 ,2612405 ,1504=03
6923, T 1237403 L 254330 J97y8=05 53504403 ,3I43+05 L 1711-03
69234, 41218403 ,24994+03 ,9430~05 ,5186+03 ,30443:05 ,1709=03
69085, ,1203403 L,2457+03 L9116=05 L5038+03 ,2957+05 ,1700-03_
69085, 1220403 T492+03 .3362<05 .3102+03 ,182 I +05 Tpid=03"
79070+  o3333403 ,6772402 .6923~06 +3R46403 ,2257405 ,1692=04
78921 L4360403 ,6982+402 ,7357=06 5186403 ,3046+405 ,1333-04

o 4H98403 5376402 .4362706 04116403 ,2416405 ,9960-05




Table 16.

210°F, L/D = 297

 DC200~20C5r210F 1CAPY 3 2471

P3 VISCP

213

Dimethyl Siloxane DC - 200 - 50 (Continued)

TAUDYN . REYN

- 66850,
66850, T .1126402 L,1235+0%"
66850, ,1140402
79815, ,2239+02
- 79815, ,2121+402 ,6051+403
79815, . 2043+ N
79666, 2124402 ,6646+03
79666, 2245402 ,I017¥04
79666+ 2037402 ,1106+04

796661“”}215[#02“

" 2228=03 J2370+03 [ 1391+05
+ 1845404 ,4972-93 ,3583403 ,2103+05

o6%52‘04 .2“05+03 .1412+05

015-,-_0-

NSRATE KEc - PELTAP
5398, 3346400 ,2399405 .54n9'01 » 1368403 ,80274+04 .57?8+01
5398, .3152400 3952405 ,2232+00 ,2922+0% 1246405 1010402
5359, 3271400 ,3003405 ,1317+00 (1673403 ,9822404 ,7398+01
5359, ,3269400 4409405 ,2840+00 ,2056403 1441405 ,1087+02
5320s 3368400 4330405 ,2739¢00 ,2u85+03 ,1458405 ,1036402
TLiEeh T BT694+00 L I549405 . 35n00=01 L1823+03 Lp938+06 2164401
11542, ,5615400 ,1539405 +34p1=0) 1473403 ,a643404 ,2209+401
11542, ,55614+00 ,2185+05 +6973=01 2070403 ,1215+05 ,3166+01
11503, .53754+00 ,1880+05 «Slgl=0l ,1722403 1011405 ,2319+01
11464, 7, 58014007,2685+05 L 1053+00 2471407 (1450405 ,U006+01
19460 9025400 1493405 ,3256=p1l ,2296403 1347405 1333401
T19%60.  L.8864400 1847405 ,49g1-0Y 2789+ «1637+ 1679401
19311, ,8800400 ,1267405 «+2345=01 .1900+403 ,9115405 ,1160+0}
19162, ,9639+00 ,1B34+405 ,4911=01 ,3011+403 ,1767+05 ,1533+01
19162, ,9428400 ,9528404 ,1326~0] ,1530403 ,a39824+404 ,8143+00
49u14;";uezu4o1*.207640u‘.62¢3-03 « 1635403 ,q597+04 ,317-01
B9U14e 4248401 2358404 LB8lo4=03 1707403 ,1002405 ,4473=01
4olily, 4669401 ,2200+0u TixT=p3 1758403 1032405 .3a13=01 .
. 49861, L U4BT76401 1904404 .5298=0J ,1582+403 ,9285+04 ,3147=01
49861, L4645401 2187408 ,69/8=03 1731403 7016405 [3794=01
49861+ ,4388401 ,19574+04 .5592-03 ,1463+403 ,a585+404 ,3593~01
66850, 1150+02"Qﬁéiiﬁi“{1267=ﬁ3 1846403 1064405 L6602=02
. 66850, .1132+02 1547404 ,3498=p3 .2oau+03 .1?52+05 .1101-01
“66856“"““1II?@UZ““ISSS*U““ -0 + PE] . -

«1079402 ,2068+04 ,6248=03 .3803+03 .2232+05 A5k4eQy
T .8334=02
JOIUZF0I LTO04GISpH . 6“9+U3_TT555405'.2u99_U2'
.5348'0“ .2187+03 . 1284405

ot

.1737-03 +3A38403 ,2253+405 ,4375-02

'067T*U3 013"6__3_.35“5@U3~T§UET?DS']3_2250"

4229802 -

:2521-02ﬁ
388403 ;3282405 , 365002




Table 16.

P

ViScP

Dimethyl Siloxane DC - 200 - 50 (Continued)

 300°F, L/D = 297

DC?OD*ZOCQo300FvCﬁPH.3 25-71

214

" TAUDYN |

« 7176401

w:3§gﬁ¢0n

1923-02 .4611+03

NSRATE KEC oELTAP REYN
5350, 2037400 43817405 1649400 ,1186+03 p6960+04m31107+02
5350, 2061400 4905405 3397400 1722403 1011405 ,1/54402
5350 .1828400 ,7156+05 ,7232+00 ,2228+03 ,1308+405 ,3050+402
5350, 1953400 ,TBB0¥05 ETB400 . 2622405 ,15350405 3143402
5380, ,.1909400 ,667u+05 06200400 ,2171+03 ,1274405 .2723402
53689, 1990400 ,5575405 43a9+00 ,1A914+03 1110405 ,2162+02
12194, ,3684+400 ,2573+05 ,9349=gl1 .1615+03 9480404 5440401
12234, ,3196400 3152405 1403400 1716403 , 1007405 ,T683+01
12194, 3541400 4684405 3098400 ,2A26403 ,1658405 ,1030402
12154, 3347400 4835405 ,32g7+00 2751403 1615405 ,1123+02
12194, L 3465400 14362405 267400 ,2575403 ,1511405 ,9807+01
T 20354, T 5TTIY00 ,23510+05 s 7537=01 <2271+03 ,1333+05 ,31
20354, ,5443400 ,3033405 ¢12q99+400 ,2813+03 ,1651405 ,4s41+401
20354, ,6250+00 ,1760+05 4375<01 16744037, 1100405 ,2194401
20354, L5403400 ,1289+405 ,2345=01 1186403 ,£963+404 ,1858+01
20354, ,5536400 ,1650+05 ,3845=01 ,1557+03 ,q136+04 ,2322+01
20354, ,5360400 1434405 +29n%=01 1310403 ,7686+04 ,2084+01 -
50159, 2252401 ,B893+04 ,33g1=02 ,1A77+03 ,1102405 1693400
50159, ,2338401 ,6377+404 ,5742=02 ,2540+403 , 1491405 ,2124400
50308, ,2275+401 ,5998+04 ,50a0=-02 ,2324+403 .136#+05 L 2054%00
50308 2314401 6503404 ,5972=02 ,2564403 ,1505+05 ,2189+00 .
50308, .2329+01 .[B71{i+04 JG610-02 ,2267+03 ,1331405 . 1911+00
68638, 4903401 ,3177404 .1425=02 ,2653+403 ,1557405 ,5047~01
68638, L 4656401 [ BI0I+04 ,2612-02 L3uT2+03 2003405 ,71%96-01
68638, 4480401 2644404 ,2871-p3 ,20184+403 ,1184405 ,4597=-01
68638, ,4T10401 4222404 ,2517-02 ,3388+037,1989+05 ,6983-01
68638, 4602401 ,3887+404 ,2133=02 ,3048+03 ,1789405 ,6579~01
81603. ,71664+01 ,1860+04 4Ba4=03 ,2270+03 ,1333+05 ,2022-01"
.81603. - ,7038401 ,2500+04 «8823~p3 ,2997403 .1759+05 .2766-01
81603, .1667+61 L 2507404 ,889Y5-093 3019+ + 027
81603, ,6519401 .3343+04 .1578-02 3713403 2179+05 .3q9u-u1
81603, .?6E8¥US'.1005*’ """"




Table 16,

L/D . 297 ‘Averaged Data Points.
"'Dc20u-2UCSpCA94.100F.3-23-71

P tPSI) .V (CP)
+ 0U000 — 3910002
+53657+04 «72110402
_‘_—_TII9¢“US 12259+ 0%
+198784+05 «25050+03
T TR 89RRRRUDT JH278T+ 0y
- ' ;' 058386+05 . I_ n97799+03
T <% 7685%05 e 20003+08
_  «58765+05 4BT742+04
T 09115405 ~ e 12161405

l73921+05 044270+05'

" ALPHA OT= .13550-03

DLZOU-ZOCszloF!CAP4.3 24=71

P {PSI1) _ v (CP)
- e UQuUuy gISEUUfﬁE
+53667+04% ' «32812+02
T A 31503405 SORH3+02
- +19311+405 «91511+02
hw“—39633“U5______“T¢57¢9:Usf_-
66850405 © +11242+04

e TI73UFUS _ vl I+0Y

ALPHA STARZS = +95620=04 =
TALPHATOTETT, U3

- ’ TCAPH ;3 29=71
—PTIPSI] - V CF)
«00000 84600401
T« 0363140 e 12630+ 0
«e12202405% 03446Q+02 
e ) +U. . +
_ +502494+05 +23016+03
- +08638+05 o4O7UL+03

081603405 © +69932+03

“EPHI Slnﬁ p955E5-Du
RLPHA OT- 24187~03 -

Dimethyl Siloxane pC - 200 - 50 (Continued)

215
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_ Table 17. Dimethyl Siloxane DC - 200 - 50, 75°F

L/D = 1,35

P3 VISCH TﬁUnvN " 'NSRATE RE LEOL
30156, .88168+01 .xaaa+oe + 1393405 ,1234=0) ,5943~03
30146, .8567+01 ,1258+06 .1u63+05 1340-01 .6451=03
30140, +9039+01 ,1243+06 ,1375+05 ,1189.01 ,5726=03
30146, .8813%+0) ,uble+06 ,5011+05 , u¢u4-01 . 2150=02"
30141,  «B915+01 ,4359+06 ,4890+05 uaa7-o1 « 2064=02
30138, ,8989+01 ,4325+06 ,4813+05 4155-01 «2015=02
30135, +9075401 .u6mg+oq&,5078+05 4374-01'.2106—02

301500 e 8741401 .7268+06 8316"'05_ 7—“36-01 03_560"02
- 3015%, +8739+01 ,704p+06 .eoss+os . 7212=0) ,3473=02
30154, +8750+01 ,7328+06 ,B376+05 ,7482-01 ,3602-02
30152, - +8718+01 ,7426+06 85168405 ,7637=01.,3677=02
30150,  +8751+01 ,105%7+07 .i208+06 _107§+6o *5193=02
30148, 48701401 1052407 ,1210406 ,1087400 ,5231=02
30146, .8722+01 ,1007+07 ,1201+06 ,1076+00 ,5182=02
30142, .8755+01 ,1059+07 ,1209+06 ,1080+00 ,5198~02
30152, .8609+01 .14i1g+07 .1545+06 149u;ﬁo e 7191=02
30150, «8615+01 ,1343+407 ,1559+06 ,14144+00 ,6810=02
30148, .8725+01 ,1391+07 ,1595+06 ,1428400 ,6678-02
30146, .8694+01 ,1332+407 ,1532+06 , 1377+oo «6630=02
30141, .8593+01 ,1644407 ,1913+06 ,1740+00 ,8380-02
30135, «B643+01 ,1715+07 ,1984+06 ,1795400 .8641 g
: -30132._-.8635+61':%E§%:‘7“‘195u+06'L‘TTEIﬁﬁ‘.§566=ﬁé
. 30149, .B443+01 .3253+g7 3852406 , 3567400 .1717=01
30150, «8036+01 ,4809+07 .5935+061.§821+00 «2803~=01
30142, .8254+01 ,3%%e+07 L4781+06  ,4527+400 ,2180-01
30145, .8482+01 ,2906+07 .3426+06 ,3157+00 ,1520~01
30143,  ,8436%01 ,1868+07 ,2214+406 2052+Do +9878=02
30143, ,8235+01 ,3791+07 ,B604+06 4370400 ,2104~01
30141, +8113%01 ,4850+07 ,5978+06 ,5760400 ,2773=01
30136, +8055%01 .4721+07 5861406 5687400 ,2736=01
30133, «7796+01 (7644407 ,9805+06 .9aao+nu «4733«01
30137, .76u5+01 1071+08 ,1491+07 ,1633401 .6899=01
30135, +7985+01 ,7846+07 ,9826+06 9619+oo «4631=01
30145, .7768%+01 1033408 1330407 1335401 ,6445~01
30159, .7894+01 ,8907+07 .11as+07,.1117+01 «5380=01
29627, 8359401 ,5120407 ,6125+06 ,5727,00_ ,2757~01 -
29623, +7494+01 .8468+407 ,1130407 ,11784+01 ,5674=01
- 29603, .6738+01 .169u+08 ,2515+07 ,2917+04%_ 1405+00
29593.. +6799+01 ,1539+08 ,2264+07 ,asoa+o1 +1253+40¢0
340 12408 .15551n 1452401 ,6990=0%
29611. -.6usa+01 +2057+08 ,317u+407 ,3828+01 ,1843+00
29630, 6777401 ,1712+408 .asze+o7 12913401 e 1403+00
um325§14v“.7205+01 01291408 ,1792+07 ,19444+01 ,9358=01




217

Table 17. Dimethyl Siloxane DC - 200 «50, 75°F {Continued)

L/D = 1,35

P37 ' vISCP  TAUBYN  NSRATE  RE LEOL
40036 21967402 5770407 22933406 .1166+00 +5612=02
40026« +1870+02 «B492+07 4542406 ,1899+00 »9144-02

e SR T ey

40009, ;.1049+02 1932408 «1172+07 555u+uo.-2?7u-01
N . " . - B B
39004, 21656402 -6682+07 +3581506 +1510+00 + 726802

_Qﬁﬁﬁzt__o1b65+ﬂz._2535tﬂﬁ glbi_iﬂ__;Bz&ﬂiﬂﬂ_giﬂll_ﬂlﬁ

40007+  +1552+02 +2860+0B +1R43+07 ,9280+00 «4468-01

40045, o 1553+02 «2705+06 «§1742+67 8768400 <4222-01

Y0034 . .1915+02 4603407 .2u03+06 9807-01 4722=02
HOOUS, T a1 + =
4006b6. 91515402 3174408 02094407 1080+01 «5200-01
-490861"“tt9ii+ﬂi'rﬂ&?B+0?“w“6¥7+0ﬁ“_iQﬁtfﬁﬁﬁvéfgﬁ:ﬁf:'
40082+ 2041402 +5136+07 +2517+06 ,9640=01 +4641=02
G007 v 1790402 13T THOD 5 T69I+06 + 3360+00 —1618=01—
40075 - «1686402 1981408 1175407 S54u5+00 «2622~01

ABOEI s TTIBHERIUIOHB -T2 3698001 TBO=01—

40075. 1497402 +3262+08 +2179+07 1137401 +5476=-01
400Fs - 1462402+ 3541408 +24R2+0T 1295401~ 6233~01—

© . 80071, 01392+02 3814408 2739407 .1538+01 .7403=-01"
40090+ —v1418+02 +3IB06+08 2684407 - 1480+01+T125~01—

40096 +1696%02 1435408 +8456+406.,3896+400 «1876-01
#0085 196702 S H550+0T v 2313+06- 7919201 44 26=02-

- 40078s «1533+02 +2215+0B +1445+407 ,7369+00 +3548~01

#0076 v 04+02 ¢IIISHO8 S 2ITOYOT -+ 1323+01 637201
‘40065, 1347402 +3965+08 (2944407 ,1708+01 .B226=01

40071 s 18T6H02 3855 +0T +2055+06 8561 01 S 4122a02

40063, 1412402 +3843+08 42722407 +1507+01 +7257-01
HOD6S T IN25+02 < ISTEOB 251090 T 13T THOT 662801
40080+ +1596+02 1978+08 ,1240+07 +6072+00 +2923=01

40100+ “s1648+02 1413408 <857I+06  4065+00-+1957=01"

«2035%02

40204, +2201%02 ,3555+06 ,1615+05 ,5734=02 ,2761~03
40199, +1886+02 ,3189+06 ,1691+05 ,7005«02 ,3373=03
- #0196, . 42152402 ,3707+06 «1723+05 ,6260-02 ,3014=03
40189, .2134%+02 ,2785+06 ,1305405 478202 ,2302~03
40187, ,2153+02 ,3128+06 ,1453+05" 5275-02 4 2540-03
40185, +1961+02 ,2687+06 ,1370+405 ,5459202 ,2628=03
40179, L2015%02 2613406 ,1207+05 ,5030~02 +2422-03
40170s  +2020%02 +1074+07 ,5317+05 .2057-01 0 9904=03 -
40179, 2042402 41082+07 ,5300+05 ,2029=01 9769-03
40174,  «2055%02 L1044+07 ,5081+05 .1932-01 .9303-03
“o172. 2 F734+05 .4733+05 I . -
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Dimethyl Siloxane DC - 200 -50, 75°F (Continued)

403171, o2064+02 .1054+o7-.51u9+05 01935401 ,9315-03
40165,  .2024%¥02 ,1751+07 ,B652+05 ,334Z=01 160902
40166,  +2p25+02 .162;107_.8352+05 0322301 ,1552~02
40164, ,2006¥02 +1683¢07 ,B391+05 ,3270<01 »1575<05"
45161, 42019402 ,1739+07 8611405 ,3333<01 ,1605~02
Bo158, T 1992¥02 [ 2U22+07 .1216+06 “EWD_.WT
40157,  +2006+02 +2401+07 ,1197406 ,4665.01 ,2246~02
40155, ,2005%*02 2448407 ,1221+06 ,475B=01 ,2291=02
40151, 1981402 .3163+a7 .1597+06_.6303-01 +3035=02
40151, «1990+02 ,3209+07 ,1613+406 ,6335=01 .3050-02
BGLBE, T, 1986402 ,3297407 1660406 ,6530-01 314G=02
40187, ,1973+02 ,3800+07 ,1926+06 ,7629-01 .3673-02
Ro144, +1974+02 ,3917+07 ,1984+406 .7555-01'.3782—02~
40141, = .1968+02 ,4054+07 ,2060+06 ,8178-01 ,3938=02
40171, +1909%02 ,B669+07 ,4541+06 ,1B60+00 .B8953~02

-_99;74.__.1359+02 «1111+08 ,5974+06 ,2511¢00'.1209-01 _
40166, .1850%+02 ,59%4e+07 ,3214+06 .1353+00 .6537-02
40169, .1898+02 ,4012+%07 ,2114+06 ,B8708= =02~

40174, +1818+02 ,1134408 6240406 2¢aa+on .1291-01
40176, +1792+02 ,1232+08 ,6B75+0 +00 ,1444=-01
49606, +5123402 ,1107+07 ,2162+05 3298-02 +1588=03
49601, .5046%02 1014407 ,2010+05 .3114-02 . 149903
49593, +5219+02 ,1023+07 ,1961+405 ,2937~02 ,1414=03
49584, ,4913+02 ,2635+07 .5363+05 asaa-oas.u1os-03
49583, .4902+02 .247o+07 +5039+05 ,8036=02 +3869=03
49573, .u4932+02 ,2622+07 5316¥6§_l‘¢23 L 4057=03
49573, +4954+02 ,2518+07 .5033+05 aoza-az.;3362-03'
49593, +4902%02 ,423a+07 .86u3+05¥;1578-01..6636-03
49596, 4876402 4147+07 ,8505+05 ,1363=01 ,6564=03

- #9892, T LuB76+02 L4l78+07 8569405 ,1374=01 .6613-03
49593, «4886%02 .4097+07 ,8385+05 ,134%1-01 (6458-03
49585, .4786%D2 ,5798+97 ,1211+406 , ~01 +5525=03
49582, ..4783+02 ,5818+07 ,1216+06 ,1987<01 ,9569-03 .
49583, .4789+02 ,5782+07 1207406 (1971-01 .9490-03
49584, 4714402 .76&g¢o7 1621406 ,2688-01 ,129=02
49562,  +4760%t02 ,7587+07 1594406 ,2617-01 ,1260~02
495360 -'047'68"02'0760“1"07 015951'06 .261'5'01 01259-02
49584, J4657+02 ,930p+07 ,1097406 ,3352-01 ,1614=02
49584, .4709+02 ,9056+07 ,1923+06 3193-01 .1537-02
W95B3, " 4716¥02 9156407 ,1941+06 ,

c4686+02 .9059+07 .1933+06 3225-01 01553-02
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Dimethyl Siloxane DC = 200 =50, 75°F (Continued)

L/D = 14.9

vISCP  TAUDYN  NSRATE

“;xi8812+91“—535**95_—454ﬂ*94

8796401 3989+05 S4535+04 .2052-01 .8955'04
8650401 ,6253405 7229+04 .1327-01 .1u52-03

.8427+01 .a715+05 1034+05 .u886-01 .2132-03
"3#99vef"-1iaﬁv&&-~ta93+ﬁs +6525=01 5 2p4T=03
8470401 ,1138406 ,1343+05 ,6313=01 ,2754=-03
8#25+ﬁ*—\t%#&rﬁﬁ—“t?tﬁ+ﬁﬁ““Rtﬁe-ﬁt——ﬁsﬁﬁ-ﬂé*
8452401 1440406 ,1703+05 ,p022=01 ,3500-03

WOe T 20902 T IRI0FOS 1573+ 0U 2995w o R3O0 0N

buol8. 1990402 3534405 1776404 ,3552=02 ,1550=04

'*ﬁﬁ*#?““.Zﬂﬁﬁ*ﬂa——3*37¢65—*16?a+ﬂ#*'1291-02"“t¢56-0#
© Bpp3v. 2015402 ,9124405 ,845284+04 ,p9%46=02 ,3903=04

'4ﬂﬁ*ﬁ7~“v2ﬁi4+ﬁ2"ﬁ959##ﬁ5——#?65+ﬁ#““9*t#-62——#1ﬁ8-0&-

40039, 42037402 ,9043405 ,4440+04 .8680-02 e 3787=04

s

40030s 1977402 .1462+06 .7394+0u .1439-01 .6u97-04

45031 1IHI+E2 - 2080+06—

40025, .1915+02 2109+06 .1101+05 ¢2290'01 -9990‘04.
SggRie s 142495
Y017, .1911+02 .2781+06 1455+05 .3032-01 .1323-03
B40tov—-r : :
qﬂnlbo 01897+02 e 3274405 01726+05 03622-01 01581-03
B5015s 1906402 3281+ 06 .*?2ﬁ+95——%59ﬁ-9%——%56ﬁﬁﬂﬁj
40015. «18RB+02 ,3312406 ,1754405 ,3700-01 ,1414=03"
- 49527T"“_5639+92——7595+95'—}5ﬁ?+94—*f&91*02”75195‘05*
49526, .5175+02 8622405 ,1666+04 ,1282-02 «5592=05 -
'495e;74“7¢&96+02——£525v66——&¥49+eﬂ~~386£-ee——1ﬁ65-eﬂ—
H9520.  +4835402 ,2392406 UF4TH04 ,4073«02 ,1777=04

HOBE T g T2 362 T 06 S TO60 O SEi =02 S 21 0~04

49514,

- 4951 -

49500,

#9508t -

YO9K0L .

4767402 3642406 7640404 ,5380=-02 ,2784=04
T4 TOEHO2 3536406 ?415*9“““619ﬁ'ﬂﬁ"27ﬂf’0¢
4626402 ,48804+06 ,1055+05 ,0080~-02 +»3962=04
_3375*99““*033?06“—Tﬁﬁﬁ*ﬁﬁ'

.Q498+02 6392+06 01421+05 01258-01 .5“83-04

4 512+02-7652T+06

.4484+02 6434+06 .1435+05 .1274-01 .5%57-04
: 7156?-ﬁi——6n36-ﬁ#“

«4387402 7857406 .1791405 «1625-01 ,7090-04
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Table 17, Dimethyl Siloxane DC -200 =50, 75°F (Continued)

L/D = 14,9

. P3 VISCP  TAUDYN  NSRATE RE LEOL -
—-BO03L o H525+02-vB755406 v1OIDHG5 -+ L 70~ -+ TUR T~rrit-
50034, +3971402 1258407 +3168405 .3177-01 .1386=03
—50047v——v3894402 vINS6+07 + 3816405 +3901 =01~ 1702~03
50038 3775402 +1739+07 4606405 .4858=01 +2120-03
— B84 G-+ I6TAHOR +ROITHOTF STHOHO5 5
5003%e +2731402 3264407 21195406 .17uz+oo »7602=03
50056+ +3335+02- vRSEIHOT 7549405 901 2~01 393203
50067+ +3370+02 02283+07 6775405 .8003-01 +3492=-03
508575 - ¢ 35T6+02- v 2011407 + 5626405 +6263~0+ 273303
50056« « 3123402 o2552*07 «81744+05 .1042+00 {54 T7=03
~50039 i 2269¥02— #055*&?—!"78?*@6 3136400 1368=02
50050. 2332402 .3959+07 + 1697406 2897400 ,1264«02
—B0053v v 249U+02 +3ITI6+0T ¢ 1498406 T 2IFLHO0- v 104 I=02"
50096+ +3720402 +1720407 4625405 494901 ,2159=03
3981 Fv-v1TSTHO2 84806 THB29+05 S 1094+ 00 4T 75«03
39811, .1499+oa e1565407 +1044406 2773400 +1210-02
—39798% 1292402 238707 T1847+06 S S692+00 S 24BHY2
39741, <1067+02 +3257+407 +3052+06 «1139+01 +4969=02
39723 —v1206+62 27307 227106 +THITHOO 327102
39821, +1067+02 .335?+07 +3148406 1175401 «5126-02
- - 39g32, + 1548+02 01315+07 +8495+05 02184+00 09530-03
— 3982371286402 2 39THOT L6+ 06 i STETHOO 251602
- 39812, +1085¢02 +3553+07 3275406 .1202+01 «5243-02
—39818 s +vI131H02 29T+ T+ 2625406 + 9236+ 00 v 4030=02-
29711¢ 7324401 48135406 +1111406 65038400 2634=02
- 29702+ 6330401 +15954+07 2519406~ +1584+01 v 691 2=02-
29689, .6134+01 .1739+o7 «2812+406 +1810%01 +7899=02
— ROTHH o 26 -5 187306~ v 1OTHO T 4 630=02-
29708, «6577+01 .1541+07 22348406 L1418+01 .6189=02
29704, <H6UB3+01 +1576+07 22431406 1493401 +6513-02
_—294201—mfsa?t+e&"viaas+e?—1%a4o+ﬂﬁ--&eas+ot~v#?e?-&e«-
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- Table 18 Dimethyl Siloxane DC - 200 -50, 7%°F, L/D = 1.3%

" (Measurements with partially blocked capillary)

P3

39473, .

VISCP  TAUPYN  NSRATE ~ RE LEOL

«1785+02 ,8965+07. .5024+06 .2200400 »1059=01

39485,

1777402 ,9753+07 ,5489+06 ,2415400 ,1163-01

39488, 1862402 ,5796+07 3112406 ,1306400 .62868=02

39484,
;2&Q1;__LuEmiJHL44§&3:n§_4L155191_J1_

3ouT2,

39476,

39485,

W 1661402 1467408 ,BB33+06 .ué§6+oo .2001-31
1646+02 ,1455+08 ,8838+06 4196400 ,2020=01

+1550+02 ,2016+08 ,1301+07 ,6560+00 .3159-01

¢1650+02 ,14B1+08 ,8978+06 4253400 ,2048=01

39477, . 1581402 .180p+08 .1142+07 ,5648400 ,2719=01

49597,

27886+02

23926408 4979406

39466, .2477+02 .3099+08 1251407 3947400 ,1901-01
39457, . 07 1120406 ,2241-01 .1079=02_
39y72, .2121+ua .35u9+oa .1674+67 ,6169400 ,2970-01
A9BO, o2 &ﬂ§2i0§_4lﬁﬂﬁiﬂ1_,ZQQQ&QB_LQJZﬂlef
39470, <2341%02 4037406 ,1725+07 ,5759+00 ,2773-01
39425, _12666+02 2401408 ,9006+06 *264010Q,112_A:Q1_\
39436, ¢2390+02 3331408 .139u+07 L4559400 ,2195~01
39438, 2905402 ,1991+08 .éa55+n§-.184510u 28881=02
39420, +2466+02 3479408 ,1411+07 4472400 ,2153=01
39419,  «2244+02 4428408 ,1973+07 56872400 +3309=-01
301,  $26U7402 4389408 ,1658+07 ,uB895400..2357=-01
3914, 3238402 4382408 ,1353+07 ,3266+00 ,1572=01
49394, ,9065+02 1073408 ,1184+06 ,1021-01 .4914=03
. 49390, .9028+02 ,1924+08 ,2131+06 ,1845.0 83=(
49386, +9155+02 2124408 ,2320+06 ,1981-01 ,9539~03
49380,  +1036+¥03 ,1184+08 ,1143+06 .aazsaoa 4153-03
49324, JOU33IH02 ,314/+08 ,3337+06 ,2766-01 .1332=02
49315, . 28085+02 ,3803+08 4704406 .4547-01 ,2190-=02
49303, .6748%02 .4u458+08 6607406 L7653.01 «3685-02
| #9320, .7678+02 ,3812+408 ,4964+06 ,5053.01 ,2433-02
49552, ,9830+02. ,2322+(8. .2§§3}Q§ 2187801 «9044=03
49550, +9795+02 1871408 ,1910+06 .1524-01-.7340-03 :
14935201 ,2376=02
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Dimethyl Siloxane DC - 200 =50, 32°F,

Table 19.
L/D = 1.3%
P3  VISCP  TAUDYN  NSRATE  RE ~ LEOL _
4950, L1710+01 41302406 7616405 3482400 ,1676-01
4oliy, ,1721+01 ,133¢+06 .7763+05‘.3525+00 v 1697=01"
4ou3, ,1727+01 (1325406 ,7672405 ,3473400 ,1672=01
boly2,  L1702+01 ,181g+06 ,1063+06 ,4BB2400 ,2351=01
4otl, 1707401 ,1835406 ,1075+406 .4923+00 02371=01
4939, 1727401 ,1924+06 ,1114+06 ,5042+400 ,2428-01
4938, +1686%01 ,2396+06 ,1421+06 Z§536*°° +3171=01
4938, .1726+01 ,2505+06 ,1451+06 6572400 ,3164~01
4938, ,1690+01 ,2342+06 .1336+06"6405400"¥3ﬁ85-01
4940, +1537+01 ,1019+07 ,6628+06 ,3370+401 .1623+00
4o, ,1387+01% ,1973¢07 1423+07“‘éUI@iUI*?SEET¥UE“
‘!'gast .1393*01_02175‘?07 .1561+07_ 8759401 4217400
bou2, ,1493+01 ,1344+07 ,9002+06 4712501 ,2269+00.
4ou3, L1518+01 ,10%u+07 ,7208+06 13712401 «1787400
4oue, .1350401 ,261la+07 ,1938+07 ,1122402 ,5402+00
4952, +1396%01 ,2913+07 ,2087+07 ,1169+02 ,5626+00
4960, 1328401 ,2890+07 ,2177+07 ,1282402 ,6171+00
4945, ,1394+04 22013+07 (1444407 8092401 ,3896+00
WORE, 1323401 ,2994+07 2263407 13374027 643B¥00
4949, 41342401 2975407 ,2216407 ,1290+402 6213400
9913, L3234+01 ,2333+06 ,7218+05 1743400 ,8395~02
9918, +3025+01 ,2u424+096 ,8015405 $2071400 .9972-02 :
9916;"m;29§7FUI”T§533+06“}8ﬁ§1¥ﬁ$‘.220&+UUFFTEEI"01
9916, +2990+01 ,2u35+n6 ,8147+05 ,2130400 .1025-01
9613, 52997¢01';34591ﬁ6';116ﬁ$66';3035¥ﬂﬁ“TIEBI=UI“
9913, +3063%*01 ,3558+06 ,1162+06 .2964+00 .1427-01
9914, .3049+01 ,3387+06 ,I111+06 .2 1371-01
9906, +3040+¢01 .2u19+06'.7959+05..2047+00 «985h=02
9906, +3025¥01 ,256(0+06 ,B461405 ,2186+00 ,1053~01
9899, +3050+01 4634406 ,1519+06 ,3893400 .1875=0%1
9899,  ,L,3046%+01 4713406 .""i'gii“?}‘fl“6".3971+00 +1912+01
9907, +2988+01 (4599406 ,1539406 ,4026400 ,1939=01
9909. +2989+01 L4623+06 ,1547+06 L40%6+00 ,1948=01
9914, +2775+01 ,1152+07 ,4150406 ,11694+01 ,5628+-01
9911, 2719401 1882407 ,6923+06 ,1990+01 ,9581=01
: 9909, +2529+01 .3159+07 ,1249+407 ,3860+01 .1859+00
9926, .2410¥01 ,3834y+07 ,1591+07 5162+o1 » 2485+00
9929, +2582401 31731407 ,6704+06 .aoao+o1 «9774=01
9932, L2594¥01 (1BZ7+07 ,7044+06 ,2122+01 .1022%00
9935, = ,2220%01 5778+07 ,2603+07 ,9168+01 ,4414+00
e ,
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Table 19. Dimethyl Siloxane DC - 200 - 50, 32°F,
L/D = 1.35 (Continued)
LT, 42191%01 ,8987+07 ;3139&67‘ T137402 B4 77¥00
9923, 2422405 24035+07 ,1666407 5374401 ,2588+090
9920, 2149401 ,56841+07 ,2625+07 954G +01 “G59540p
9920, +2198+01 +6393+07 ,2997+07 .1033+02 +4976+00
19865, . .7884%01 .6369+06 ,8079+05 ,.B8009-01 .3856=02
19867, .7906+01 6619406 ,8373+05 ,8278-01 ,3986-02
19666, .7932+0] ,6T23+06 ,BaT6+05 .5353-01 J4022-02
19859, .8032*+01 .8946+06 ,1114+06 ,1084400 ,5219=02
19861, 7890+01 .9637+06 2 1228%06 .1213+00 «5856=-02"
19855+ +7915401 8915406 ,1126+06 ,1112+400 .5355=02
19852, JT82%¥01 .1221+G7 ,1560406 * . -
19846,  «7902+01 ,1206407 ,1526+06 ,1509400 ,7268=-02
19847,  .7839%01 ,118p+g7 ,1512+06 ,1508+00 ,7260-02"
19858,  ,7849401 1507407 1920406 ,1912400 ,9208=02
19856, .7834+01 ,15i3+07 ,1931+06 ,1927400 ,9277=02
19852, .7831+01 ,1436+07 1834406 ,1831+00 ,BB14=02 .
19859, «7144+01 ,350p407 4902406 ,5363+00 ,2582-01.
19854, " T106+401 974407 ,6999+06 ,7699+00 . 3707-01
19857, +7469+01 ,2439407 ,3265+06 ,3417400 .1645-01
19848, ,7553%¥01 ,2708+407 ,3585+06 |, +1786=01

,8940400 .4304=01 .
198401 ,7213=01"
,1981401 ,9540-01
" 1796¥01 L BE49=-01
8956+00 ;u312-01
75
.5631-02 2711~ os =
L4W63-02 TZI%9-03
.5214-02 ,2510-03
sasa-oa .2724-03

1817-01 o8750-03

*Zgﬁiﬁih

19857, +6934+01 .5499+07 ,7931+06
19850, +6576%01 ,8288+07 ,1260+07 ,
19844, +6484+01 ,1064+08 ,1644407

. 19887, +.6590+01 ,9982+07 .1515+07
19854, 7092401 ,57634¢07 ,8126+06
29936, .2316+02 ,1074+07 ,4638+05 ,
29937, .2264+02 ,3694+06 .1631+05
29939, ,2255402 ,2904+06 ,1288+05
29941, ,2277+02 3458406 ,1519+05
29922, +2169%02 ,3405+06 ,1570+05

. 2992%, .221E?UZ“TIII§+07“‘SGISIES

_'299260 .2185+02 1110+07 05031+05
29919, J2177%02 ,1765+07 ,B1p7+05 -
29919, 2168402 ,1781+407 ,8214+05
29911,  .2153%02 ,2513+07 1167406
29912, 42178402 ,1777+07 8159405
29927, L 2133F¥02 2547+ 07 L1194+ 06
29928, ,2132402 ,2479+07 ,1162+06
”29§212““.2I25?U2‘;3333?_7””1571106“
29919, «2119+02 .3335+o7 .157u+06

, 2911201 1401=02
.2961-01 *1426-02_

,3923-01 .1410-02
21
.4261-01 .2052-02

L 5780=01 .2783=02

5806—01 .2795-02
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Table 19. Dimethyl Siloxane DC =200 - 50, 32°F,

- L/D - 1.35 (C_oﬁti—n‘ue_dﬁ)

29913,  «2161+02 ,3256+07 ,1521+406 5552-01 e2673=02
29909, o WWWW
29911, ,2123%+02 ,3956+07 ,1863+06 ,6859-01 ,3303=02
2990 ”ffizisz*vz“*3951?ﬁ7—*tamurus*:5679:01_73216=02'-
29920, - +18656+02 9168407 HOIT406 2061400 +9923-02
29917, +1918+02 .1089+08 +5676+06 +2313+00 «1114=01
~2991 6, 2074024671 y e BYES= 02
29909, +1914402 21140408 5955406 2431400 .1171-01

: 2622400 +1263-01-
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30236*
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30236*
302327,
30226.
30222.
30220.
3022Q
30220.

30245.
30245.

30234

30235.
30232.
30229,
30228,

30227.
30225.
30221,
30219.
30218.
30216.
30210.
30205.
30202.
40345,
40340.
40333,
40327.
40324.
40323.
40325.
40325.
40326.
40318.
40321.
40310.
40310.
403U~
40300

40296.
40292.
40276.
40258.
40321.
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02370t 02
»2356+02

. 2331+02

«2199+07
. 2214+02

.2184+02
. 2213+02
. 2220402
. 2198+02
L2212+
. 2194+02
. 2192+02
. 2187+02
. 2163+02
.2161+02

. 2172+02
. 2161+02

. 2145+02
. 2130+02
. 2154+02
. 2164+02

. 2114+02

TAUDYN

. 33210+06
. 1079+07

0 tigdtis
1 76iit0.7
«1725+0T , 7888+05
+259i M7 _
.2& 68+Q7
_i®liQ7
7f1>ii+07
+ 339|707 , 1585+06
73"%+0 7™
*346fe+07

. 3335+07
. 4188+Q7
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e 347(*+06 (11* 66+05

1388+05

, 1425+05
)7 . 4904+05
*109' S O7 , 4947+05
»1063+07 . 4666+05
*1015+07 , 4584+05
e 1H&+07 . 5QL6+Cb
« 109(*+07 ,4969+05

,8369+05
7991+05

,8049+05

1201+06

. 1185+06
. 1189+06
, 1163+06

. 1595+06
, 1609+06

, 1541+06
. 1978+06

t.2117+02 * 4l 5§+07~71952+06

. 2129+02
.2116+02
. 6676+02
. 7295+02

+
6488185 .1
. 7075+02
. 6968+02
. 7701+02
.7920+02
.8050+02
, 8053+02
. 8442+02
. 8910+02
, 9279+02
. 9487+02
. 1024403
. 1058+03
.1108+03
. 1259+03
. 1286+03

. 41513+07

. 9601+06

QﬁﬁbHQG
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* 4U&+0T , 1943+06
,1438+05

, 1357+05

. 347|7+O7 %EZ% 8?

3561+07 05638+C5
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Table 20. Dimethyl Siloxane DC-200-50,
32°F, L/D « 1.35

RE

,483<f 02
. 4607-02
. 4778- 02
1 1743-01
. 1747-01
. 1741, 01
. 1619- 01
. 1766- 01
. 177701
. 2957- 01
. 2847-01
, 2871- 01
' 2819- 01
| 4341-01
. «*288-01
. 4278-01
. 4207- 01
577701
. 5855- 01
. 5836- 01
. 5567- 01
. 7315- 01
. 7207- 01
. 7161- 01
. 7174-01

.1684-02
.1454-02
1711-02
.5898-02
.5566"02
. 5920- 02
. 4968- 02
, 4868- 02
. 4660- 02
, 8045-02
, 7408-02
.7347-02
.7092-02
, 7164-02
, 8914-02
. 8903- 02
, 8461-02
. 7124-02
. 7064- 02

LECL
*2328-03
.2218-03
, 2300- 03
. 8391-03
. 8411- 03
, 8384-03
. 7795-03
. 8504- 03
. 8542-03

, 1424- 02
.1371-02

. 1382-02

71357-02

. 2090- 02
. 2064- 02
. 2060- 02
. 2025- 02
. 2780-02
. 2819-02
*2810-02
. 2680- 02
. 3522-02
. 3470- 02
. 3448- 02
, 3454- 02

.8107-04
.6999-04
.8236-04
.2840-03
.2680-03
. 2851-03
. 2392- 03
. 2344-03
. 2244-03
. 3873-03
. 3567-03
.3538-03
.3414-03
. 3449- 03
. 4292- 03
*4287-03
, 4084- 03
, 3430- 03
. 3401- 03

.1161+03 « X fc+0O" , 1H3+0F , 7492-02 , 3607-03



