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SUMMARY 

This thesis reports capillary viscometric measurements at shear 

7 2 stresses up to 700 psi (4.8 x 10 dyn/cm ) and reports the general 

observation of constant viscosity of the investigated unblended lubri­

cants in the range of investigation. The thesis also reports the devel­

opment of a theory to predict the maximum temperature and the shear 

stress in elastohydrodynamic liquid films. Solutions can be obtained 

via dimensionless graphs and contain most other lubrication related 

quantities. Experimental observations are consistent with the theory. 

The purpose of the work is to develop a method to determine the 

viscous properties of lubricants under elastohydrodynamic operating 

conditions in a laboratory experiment where the parameters of pressure, 

temperature and shear stress can be independently varied. The use of a 

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

stress. Reliable entrance and exit corrections for highly viscous capil­

lary flow 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 10 dyn/cm (-14.5 psi). 

The increased shear stress limit 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 limit up to about 

8 2 1.4 x 10 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 
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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 pressure above 

50 kpsi and shear stress above about 10' dyn/cm2, at 75°F. The polymer 

blended mineral oil shows non-liquid behavior at low stress (above about 

105 dyn/cm2, 1.4 psi). 

These observations of non-liquid behavior of a silicone oil and a 

polymer blended mineral oil may possibly provide part of an understanding 

of the anomalous behavior of these types of lubricants with respect to 

the ability to create an elastohydrodynamic film. Existing theory for 

prediction of film thickness assumes implicitly liquid behavior of the 

lubricants. 

No discernible time dependent effects were observed for the 

liquid lubricants. 

The thesis further deals with application of the viscosity meas­

urements to determine liquid film behavior in the high pressure area of 

a point contact configuration. 

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

theory which will predict the elastohydrodynamic quantities of interest, 

particularly shear stress and maximum temperature, under physically 

reasonable assumptions. 

The theory has been developed to a stage where the shear stress 

and the maximum attainable temperature each can be determined through a 



few graphical steps on a dimensionless diagram. Other related elasto-

hydrodynamic quantities can be derived from the maximum temperature and 

the shear stress. 
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•CHAPTER.I 

INTRODUCTION 

Summary 

This thesis reports capillary viscometric measurements at shear 

7 9 stresses up to 700 psi (4.8 x 10 dyn/cm^) and reports the general 

observation of constant viscosity of the unblended lubricants in the 

range of investigation. The thesis also reports the development of a 

theory to predict the maximum temperature and the shear stress in elasto— 

hydrodynamic liquid films. Solutions can be obtained via dimensionless 

graphs and contain most other lubrication related quantities. Experi­

mental observations are consistent with the theory. 

The purpose of the work is to develop a method to determine the 

viscous properties of lubricants, temperature pressure shear stress vis­

cosity relations, under elastohydrodynamic operating conditions in a 

laboratory experiment where the parameters of pressure, temperature and 

shear stress can be independently varied. Improved calibration and meas­

urement techniques have been developed. The use of a short length capillary 

has been introduced in order to achieve high shear stress. Reliable 

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 approximately 50 times over previously 

reported values (1) of about lO1^ dyn/cm (-14.5 psi). The increased 

shear stress limit is only 3 - 5 times less than the average shear stress 
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experienced by the fluid during passage of an elastohydrodynamic con­

tact. A further increase in shear stress limit up to about 1.4 x 10° 

dyn/cm^ (-2 kpsi) appears to be possible. This higher level of pre­

dicted shear stress is of the same order of magnitude 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 

7 2 pressures above 50 kpsi and shear stress above about 10 dyn/cm , at 

75°F. The polymer blended mineral oil shows non-liquid behavior at low 

5 ? stress (above about 10 dyn/cmi_, 1.4 psi). 

These observations of non-liquid behavior of a silicone oil and 

a polymer blended mineral oil may possibly provide part of an under­

standing of the anomalous behavior of these types of lubricants with 

respect to.the ability to create an elastohydrodynamic film. Existing 

theory for prediction of film thickness assumes implicitly liquid behav­

ior of the lubricants. 

No discernible time dependent effects were observed for the 

liquid lubricants. 

The thesis further deals with application of the viscosity meas­

urements 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. 
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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 temperature, under phys­

ically reasonable assumptions. 

The theory has been developed to a stage where prediction of the 

shear stress and the maximum attainable temperature each can be made 

pointwise at any 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 followed 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, 

13.7 - 27.4 - 54.8 inch/sec, were available for the comparison. The 

ratios of measured to calculated traction coefficients are of order of 

magnitude 1 (.8 - 1 - 1.4 with an estimated accuracy of .1). The results 

are obtained with viscosity data from extrapolated 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 lubrication situation. The measure­

ment of the viscosity of liquid lubricants is of great importance from 

an engineering point of view and has received much attention. 
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The ASME Pressure Viscosity Report: 1953 (2) is the most exten­

sive experimental work on temperature pressure viscosity relations 

found in the literature. Measurements reported therein were performed 

at very low shear 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 arid synthetic 

lubricants were investigated. The density relations show isothermal 

density increases of the order of 10% when the pressure increases from 

50 kpsi to 150 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 both capillary and Couette viscometers by several inves­

tigators. 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 23°C. The maximum applied pressure drop was about 45 kpsi. The 

viscosity therefore varies significantly along the length of the capil­

lary. An approach to compute the pressure viscosity relation from meas­

urements was shown. A correction to Poiseuille's,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. This is consistent with an assumption of an exponential pressure 
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viscosity relation. The yield point of the greases was calculated to 

be equivalent to a pressure drop of about .9 kpsi in the capillary. 

The yield pressure is thus only a small fraction of the total applied 

pressure drop and the grease behaves nearly as a fluid in most experi­

mental situations. The ratio of capillary length to diameter was about 

4170. The average shear stress was therefore relatively low of the 

order of 2.5 psi. No temperature effect due to dissipation was taken 

into account. Hersey and Zimmer 1937 (4) report viscosity measure­

ments on three mineral oils. The viscosities at atmospheric pressure 

and 77°F were 135 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 10 sec and the highest shear stress was 4.86 x io5 dyn/ cm 

(about 7 psi). They measured reductions in apparent viscosity at the 

high shear stresses. They derived an approximate expression for the 

reduction of the apparent viscosity under the assumption of adiabatic 

conditions, heat conduction absent, and found smaller reduction of the 

measurements than predicted. They found thett the observed smaller 

reduction effect could be explained by the heat conduction of the fluid 

itself and concluded that the observed drop in viscosity can be accoun­

ted for by heat effects without assuming any change in viscosity with 

shear rate at constant temperature. An important conclusion from the 

consideration of the adiabatic situation is that the flow curves can be 

expected to be 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 tise of a throttling valve at the 
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exit of the long capillary used earlier by Hersey and Zimmer. However 

steady conditions could not be obtained. A new short test capillary 

was therefore placed between the pressure source and the long capillary 

which then had the function only of maintaining a high pressure level at 

the exit of the test capillary. The flow rate could be changed by the 

use of variable lengths of the second, pressure reducing, capillary. 

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 appreciable amount of devia­

tion from constant viscosity. No final conclusion was formulated with 

respect to the behavior of the investigated mineral oil; a medium oil 

(SAE 30) of 100 cp at atmospheric pressure and 100°F. 

Phiiippoff 1942 (6) developed an approximate thermal theory for 

the heating effects in capillary flow. The conduction of the lubricant 

was taken into account in the equations. An exponential pressure vis­

cosity relation was used. A series expression in the variable r^ was 

used to obtain an approximate solution for the temperature distribution. 

The approach gives a more detailed description of the flow. The experi­

mental investigations conducted concurrently are claimed to confirm the 

theory. Shear stresses of about 5 x 105 dyn/cm2 and shear rates of 

about 5-x 10 sec"1 was reached. The flow curves show distinct in­

creases of the apparent shear rate when the shear stress is above 10 

dyn/cm2 which shows the heating effect. The lengths of the capillaries 

were 12 to 50 mm. The diameters were .5 to .15 mm. Driving pressure was 

up to 100 atm, about 1400 psi. The paper summarizes in one figure some 

of the high shear stress results known then. Deviation from constant 
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viscosity is significant only above 10 dyn/cm . The maximum shear 

stress obtained in the summarized works is in the range 4 x 10 to 

8 x 10J dyn/ cm . The flow curves appear to be of the same general con­

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 

pressure drop over the capillary. An exponential pressure viscosity 

relation was used. The capillary dimensions were: L = 12.264 cm, 

D - .08295 cm giving L/D = 148. The three lubricants investigated showed 

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 Philippofffs 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 oilsj with a capillary which was very short compared to capillary 

lengths used in 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 10 -inch. It is stated that the temperature increase is very small 

and of the order of ,05°C at a shear rate of 105 sec . however, without 
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specifying the corresponding viscosity. The reported measurements show 

constant viscosity of all investigated lubricants up to a shear stress 

of about 4 psi! The measurements with castor oil were reported. The 

flow curve shows decreasing viscosity as a function of shear rate. 

Unfortunately the reporting of data is incomplete. Volume flow rates 

and viscosities are not reported. No conclusion is drawn with respect 

to the mechanism causing the drop in measured viscosity of castor oil. 

Heat dissipation seems to contradict the claim of very small temperature 

increases, 0.05°C, and shear thinning effects seem to contradict the 

assumption that the castor oil is a Newtonian fluid. The work 

shows however the feasibility of the use of capillaries with short 

lengths in high shear stress viscometry. The work shows 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, (77°F) 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 Solutions. The work is referred to in Chapter III of 

this thesis. 

A new type high pressure high shear stress capillary viscometer 

was developed and used to investigate pressure temperature shear stress 

relations for a series of mineral oils, polymer blended mineral oils and 

some synthetic lubricants and reported by Novak 1968 (1), Novak and 

Winer 1968 (12), 1968 (13) and Winer 1972 (14). The parameters of 
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interest, pressure,temperature, and shear stress, can be independently 

varied. The viscometer is described in detail in Chapter II. 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 two high 

pressure volumes in the traversing piston. The maximum shear stress 

6 2 reported, Novak, (1), is 1.04 x 10 dyn/.cm , 15.1 psi, obtained at a 

pressure drop of about 700 psi over the capillary. The capillary has a 

ratio of length to diameter of 11.6. Paraffinic and napthenic base oil 

with 4% and 8% polyalkylmethacrylate as well as unblended synthetic 

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 (2). 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 level was found for all 

polymer blended oils, at shear stresses above about 10-> dyn/cm . This 

constant viscosity at high shear stress is often referred to as a second 

Newtonian viscosity. This second Newtonian viscosity level is higher than 

the viscosity of the base oils even for the mixtures with the lowest con­

centration of polymer. The investigated range of shear stress of the 

r 6 0 

second Newtonian viscosity level is from 10 to 10 dyn/cmz in which the 



10 

viscosity appeared 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 is less than 2. Significant dissipa­

tion heating was not encountered. The napthenic base oil which has 

the greatest temperature viscosity coefficient shows a slight devia­

tion from constant viscosity of the flow curve at shear stresses of 

5 2 about 8.6 x 10 dyn/cm . However only two data points are available at 

that shear stress level. Measurements of the paraffinic base oil 

S 2 under comparison do not extend higher than 5.26 x 10** dyn/cm at which 

shear stress level even the more temperature viscosity sensitive nap-

thenic base oil shows no significant deviation from a constant viscosity 

level flow curve. The two base oils can therefore hardly be compared. 

The shear stress level where heating effects are discernible in the new 

type high pressure viscometer is about five times higher than the shear 

stress level where heating effects could be detected as reported in 

earlier works and summarized by Philippoff 1942 (6). 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 likely that the explanation is to be found in the use of a capil­

lary with a considerably smaller ratio of length to diameter than used 

in previous works. It can be shown that more of the heat generated by 

viscous dissipation is contained in the efflux from the capillary when 

the L/D ratio is diminished. The cooling effect from the walls of the 

capillary decreases therefore with shorter capillaries. This will tend 

to give greater deviation from a constant viscosity characteristic. 
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However the gain in increased shear stress per unit pressure drop over 

the capillary more than compensates for the slight loss in cooling. 

Schnurmann 1962 (8), might have encountered this effect. The pres­

ent thesis uses the effect. 

In a summary it can be stated that the maximum shear stress was 

approximately 10 • dyn/cm^ for the earlier works increasing to 10" 

dyn/cm with the more recent group of works., Novak and Winer. Heating 

effects were encountered in most of the works. Shear thinning effects 

were found only in polymer blended oils. 

Theoretical works of Bondi 1946 (15) and Smith 1968 (16) have 

predicted nonlinear behavior of lubricants under extreme stress. Both 

works are essentially based on the molecular behavior of the liquids. 

Bondi finds a viscosity drop to about .6 times the low shear viscosity 

6 9 
at shear stresses of 10 dyn/cm for a liquid with molecular weight of 

600. Smith predicts large rates of viscosity decrease with increase of 

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

highly temperature sensitive. These analyses have not been confirmed 

experimentally in attained shear stress shear rate ranges in fact some 

has been shown not to be correct. 

The discovery of the elastohydrodynamic lubrication between non­

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

and the advancement of the analysis, notably Dowson 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 



12 

to during passage of an elastohydrodynamic contact: pressures of 100 

to 300 kpsi, temperatures 100 - 400°F, maximum shear stresses of 1000 -

3000 psi, viscosity increases with a factor of 10 , resident times 

103 - 104 ysec implying pressure gradients typically 10' psi/inch or time 

rate of pressure changes of the order of 10 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, n.(p,T,x), Rhe-Eyring hyperbolic sin law fluids, 

x = fCsinh""-'- (y))> power law models x = -k, |yn| and viscoelastic models, 

to mention some of the relations used to attempt to explain measurements 

or to advance theoretical analyses. The elastohydrodynamic contact 

itself has been used as a viscometer in sliding, rolling or squeeze-

film arrangements. Many measurements of total traction, temperature and 

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 outside the elastohydrodynamic contact itself, a 

point of view which has even been published. Evaluation of data 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 viscometer seems to be that the parameters 

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 Mason 1947 (25). The oscillator was a tube 

formed 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 contact. The instrument constants which 

essentially are electric resistance and mechanical eigenfrequency can 

be calculated and are checked by measurements with the crystal in vacuum 

and with the crystal loaded with a known fluid- The viscosity of a 

series of test fluids (nQ in the range 2 cp up to 660 cp) was measured 

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

The results showed good consistency (per cent error + 7.8 to -11.0) of 

the two methods. Polymerized castor oil showed shear elasticity as 

well as shear viscosity. The data gave a viscosity 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/cm2. O'Neil 1949 (26), 

described a vibrating crystal arrangement where a plane shear wave is 

reflected under an oblique incidence from a plane interface between the 

crystal and the fluid under investigation. ELelations between material 

constants and the reflection coefficient, reflection loss and phase shift, 

were derived. Barlow and Lamb, et al.,. (27), (28), (29), (30), have 

published extensive investigations on viscoelastic behavior 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 10 psi (4 x 10 dyn/cm ) was found for one 

of the test fluids at 200 kpsi. Appeldoorn, Okrent and Philippoff 1962 
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(32) used the torsionally vibrating crystal viscometer in investiga­

tions of straight mineral oils under pressure up to 15 kpsi. The 

lubricants showed shear independent viscosity up to a maximum value of 

calculated shear stress of about 150 psi (10' dyn/cm ). The shear 

stress is calculated under the assumption that the angular frequency 

is equivalent with the shear rate in steady shear. Applied frequen­

cies were 20 kHz and 60 kHz. 

Rotational viscometers of cone and plate type or of cylindrical 

type seem not to have been used in high pressure high shear stress vis-

cometry until very recently (33). 
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CHAPTER II 

HIGH SHEAR STRESS BEHAVIOR OF SOME LUBRICANTS 

Introduction 

Investigations have been carried out in the high pressure 

viscometer to determine lubricant behavior at high shear stress. The 

operating temperatures, pressures and shear stresses for a lubricant 

in an elastohydrodynamic contact can be approached in the viscometer. 

Furthermore, all these operational parameters can be varied Indepen­

dently of each other. 

Five lubricants were investigated: a diester, a polyalkyl aro­

matic plus additive (DN 600 plus Additive), a synthetic paraffinic oil 

(XRM 177 F4), a silicone oil (Dimethyl Siloxane DC-200-50) and a mix­

ture (B3J) of paraffinic, mineral oil with 11.5% polyalkylmethacrylate 

(PL 4523) with an average molecular weight of 2 x 10 . A detailed 

description of each fluid is found in Appendix A. 

Apparent Newtonian behavior has been found for all fluids except 

B3J (the polymer blend) up to a shear stress of approximately 700 psi 

7 2 (~4.8 x 10 dyn/cm ), which is the present upper limit of shear stress 

for the high pressure viscometer. Viscous dissipation heating alone seems 

to dominate up to the maximum stress in causing an apparent shear thin-

ning effect. The data for the mixture (B3J) of paraffinic mineral oil 

and 11.5% polymer (PL 4523) show a significant amount of scatter when 

the apparent viscosity is plotted against calculated capillary wall shear 
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stress. The scatter of the data is pronounced at shear stresses above 

5 2 1 - 2 psi (~10 dyn/cm ) making interpretation difficult in terms of 

liquid behavior alone. 

Distinct non-liquid behavior was observed at extreme pressures 

and temperatures for the lubricant DN 600 plus Additive. Similar behav­

ior was observed for the siloxane but at high shear stresses, 150-600 

psi (1 - 4 x 107 dyn/cm2). 

Modifications of the High Pressure Viscometer 

The measurements were carried out in a high pressure viscometer. 

The design and operation of the viscometer is described in detail in 

(1) and (12). The pressure level p^ of the test section and the volumes 

Rl and R2 is controlled by the pressure of the cylindrical volume I, 

Figure 1. An area ratio of fifty-to-one between the pistons of volume 

I and volume Rl allows the use of low operational pressures of the pres­

surizing hydraulic system for cylinder I. The maximum pressure is 3 

kpsi which gives a maximum pressure of 150 kpsi in the volume for the 

test fluid. The pressure level P3 is recorded with the pressure trans­

ducer TR3. Displacement of the translatijig piston generates flow 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 through the capillary was previously determined by the meas­

urements of time and displacement. The volume flow rate is now measured 

with a velocity transducer. The pressure drop over the capillary is 

measured with the pressure transducers TRl and TR2. 

The viscometer has been modified atnd the operational procedures 



Schematic Drawing of Viscometer. 

Figure 1. The Modified Viscometer, 
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have been changed. An analog-to-digital converter and a multichannel 

tape recorder have been added to the equipment. The transducer signals 

are recorded on magnetic tape. The raw data are processed with the aid 

of a computer program. 

Figure 1 shows a schematic of the viscometer including some of 

the most recent modifications. The displacement transducer, which was 

used for flow rate measurement, has been replaced with a velocity trans­

ducer, Hewlett-Packard L6VI, 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 calibration procedure. An infinitely 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 pump. The drive unit gives good 

reproducibility of the measurements. The displacement of the pump pis­

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

measurements at the highest attainable shear stresses. Manual drive 

(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 with 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 and D = .01 inch) this 

ratio, however, was used only for exploratory purposes. The correction 

was found to be excessive for the L/D ratio of .1. Measurements were 

therefore not carried out with this capillary. The lowest ratio used 

so far is L/D = 1.35 and the smallest diameter used is .0035 inch. 

The measurements were carried out with capillaries of L/D = 297, 

L/D = 14.9 and L/D = 1.35. Corrections for kinetic energy were incor­

porated as described in detail in (1), Novak, 1968. 

Table 1. Capillary Dimensions and Materials 

L/D D Inch L Inch 

Stainless Steel Capillary No..4 297 .01009 2.996 

Stainless Steel Capillary No. 1 14.9 .00785 .117 

Sapphire Capillary No. 0 1.35 .0035 .0047 

Calibration Procedures 

The viscosity measurements are carried out essentially as measure­

ments of pressure drop and flow rate in the capillary. Shear stress is 

derived from the pressure drop measured with the differential pressure 

transducers TR1 and TR2 (Figure 1). Shear rate is determined from meas­

urements of flow rate indicated by the velocity transducer TR4. Pres­

sure transducer TR3 measures the pressure lervel. 

The Differential Pressure Transducers 

The differential pressure transducer consists essentially of a 

strain gauge Wheatstone bridge which is accentuated 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 simul­

taneously with the amplifier outputs from TRl and TR2. Only one trans­

ducer is calibrated at a time. The pressure increments are applied 

with a pressurizing hand pump with a small piston diameter and con­

trolled through measurements of the transducer-amplifier output. The 

output is measured with a DC-Differential Voltmeter (Hewlett-Packard 

342OB) which has a precision of 10 yvolts. 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 amplifier. The estimated accuracy of the setting of a pres­

sure increment is equivalent to .02 volt. The precision range (10 yV) 

of the differential 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, (1). 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 €»stimated accuracy of a measurement of a 

pressure 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 sum of the steps. Each increment of 6.0 volts is equivalent to 

approximately 440 psi for 6 volts excitation of the transducers. The 

accuracy of the high pressure gauges is better than .1% of full scale 

deflection (40 psi or 100 psi). This is about 10% 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 deflection is constant. A typical calibration of a trans­

ducer-amplifier involves nearly 100 pressure increments. The pressure 

gauge error will, 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 increment. 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 continuously 

during the calibration procedure. Changes in the voltage were, however, 

insignificant and about .1 millivolts. The average value was applied in 

calculations. Standard excitation voltage level is 6 volts. Some high 

shear stress measurements, however, were carried out with 1.5 volt exci­

tation. The transducer sensitivity is directly proportional to the 
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excitation voltage. Measurement accuracy is, therefore, not impaired 

by changes in excitation voltage. A series of control measurements 

confirmed this assumption. 

Table 2 shows 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. It was found that the characteristic 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 906c 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 is, therefore, chosen to demon­

strate the linearity. The graph shows deflection to only one side, but 

the amplifier is assumed to be symmetric. The graph includes a possible 

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 calibrations of the differential 

pressure channels. The viscometer had been in use between the times of 

calibrations. However, the consistency of the numbers indicates the degree 

of reproducibility of the calibration. The total inaccuracy of the 
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Table 2. Typical Calibration of Transducer TRl. 

Each pressure increment is equal to 6.00 ± .015 Volt amplifier output, 
Pressure readings (units kpsi) from a HEISE 40 kpsi precision gauge. 

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 37.12 
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 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 1 4 . 3 4 20 .92 2 7 . 5 0 3 4 . 0 6 
7.98 14.78 21.38 27.96 34.48 

Remark to Table 2 

At pressure 

(kpsi) 

Excitation Voltage Time 

Nov. 27, 1972 

0.0 
7,05 
19.18 
39.76 

6.05480 
6.05504 
6.05522 
6.05536 

16:36 
17:15 
18:16 
19:34 

Average excitation voltage 6.05508 Volt. 86 pressure increments of 
6 Volts = 516 Volts. 



Remark to Table 2 (Continued) 

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 

13.05 mV/psi 

5 kpsi 

11.72 mV/psi 

re 6.0 Volts 

Table 3. Some Results from Calibrations of 
Transducer TR1 + Amplifier 1 and 
Transducer TR2 + Amplifier 2. 

Time of calibration June 1972 November 1972 

Transducer TRl + amplifier 1 
(14 kpsi, 40 kpsi) 

Transducer TR2 + amplifier 2 
(14 kpsi, 30 kpsi) 
(30 kpsi, 40 kpsi) 

13.55 mV/psi 

13.3 mV/psi 
13.64 mV/psi 

13.55 mV/psi 

13.37 mV/psi 
13.64 mV/psi 
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Figure 2. (Continued) 
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Figure 3. Characteristic of Amplifier 2 and Recorder. 
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Figure 4, 

500 1000 Setting (LH), 

.15% Linearity 

Inputpotentiometer 

Linearity Check of a Symmetric Amplifier, No. 1, for No. 1 
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 shown.) 
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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 pressure level. 

The Pressure Level Transducer 

The pressure level transducer (TR3, Figure 1) was calibrated by 

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 velocity. 

It consists of 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 working range is 1.0 inch. Manufac­

turer's specifications (see Appendix B) show a linearity of better than 

1% and output variations between 95% and 100% of nominal output over the 

total working range. 

Considerations of the function of the transducer suggest consid­

erably increased accuracy above; the mentioned magnitude of ± 2.5%, how­

ever, for a reduced working range. A working range of about 0.5 inch 

was, therefore, maintained during the experiment. 

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 betwe€»n the consecutive openings of two micro-

switches. A bracket on the traversing piston activated the switches. 

These switches were connected electrically over the inputs of two dummy 

channels on the analog-to-digital converter. The opening times can, 

therefore, easily be assessed from a computer printout. 

The travelled distance between activation of the switches was 

measured with a precision dial indicator and was typically 0.01 - 0.02 

inch. The accuracy of the indicator is guaranteed to be better than 

0.0001 inch. This was confirmed in a series of measurements performed 

with parallel gauge blocks (Grade L). 

The amplifier gain was approximately 390. The transfer function 

for the transducer and amplifier was therefore 485 V/ips. The input to 

the analog-to-digital recorder will be 485 millivolts for a calibrating 

speed of 0.001 in/sec. This output level of about 500 mv is appropriate 

for accurate recording by the analog-to-digital converter, which has a 

threshold of distinction of 4.85 millivolts. This 1% ratio between 

threshold and signal magnitude is however lowered considerably by the 

great amount of sampled data and the following averaging process in the 

computer treatment. 

Calibration of the Capillaries 

Two calibration fluids were used, a viscosity standard, S-60 from 

Cannon Instrument Company, and diester (bis 2-ethyihexylsebacate) from 

Rohm and Haas Company. Table 4 summarizes the viscosities of the fluids. 

The fluid S-60 was used only at low shear stress calibrations. The 

diester was used over the total range of shear stress. Both fluids are 

assumed to be Newtonian liquids in the sense that the ratio between meas-
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Table 4. Viscosities Ccp) of Calibration 
Fluids at Atmospheric Pressure 

100°F 21QQF 300°F 

S-60 51.06 cp 5.899 cp — 

Diester 11.41 cp 2.86 cp 1.46 cp 

Viscosities for S-60 are from the manufacturer*s specifications. 

ured shear stress and shear rate is constant. 

The viscosity of the diester was determined at 100GF, 210°F and 

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

viscometer was calibrated with the S-60 fluid. Capillary 4 (Table 1) 

was used as the standard capillary for high pressure measurements. Cali­

bration of capillary 4 was carried out at atmospheric pressure with 

diester and checked with the S-60 fluid. The diameter of capillary 4 

was found to be 0.01009 inch. Later calibrations confirmed this meas­

urement within 5 pinch. 

These statements about the diameter of capillary 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 capillary cavity, 

however, only for Newtonian liquids. 

Calibration of the capillary 1 was carried out as a comparison of 

low shear stress measurements with capillary 4 measurements. The diester 

was used as calibration fluid. The pressure range applied was 10 - 40 

kpsi. Calibration temperature was 31.9°F ± 0.1°F. This temperature was 

selected because the viscosity of the calibrating fluid for the applied 
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pressures is then about 10 cp, well within the expected viscosity 

range in the elastohydrodynamic. lubrication film. The selected cali­

bration temperature is also appropriate for comparison with previous 

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 

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 fittings). The seals are of local design 

and manufacture. 

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 ± 0.1°F. The 

diameter of the sapphire capillary was determined with a high power micro­

scope (200X and 500X) 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. 

The comparison with capillary 1 and capillary 4 measurements 

showed the effective capillary length to be 0.0047 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 

AMINCO is an abbreviation for American Instrument Company. 
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Figure 5. Capillary 0, Sapphire. 
(Outside diameter .055 inch. Thickness 
.030 inch. Cone angle 2T ~ 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 dis­

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

sure drop over an orifice, L/D - 0, to: 

APo = (50.4/TT)(Q/D3) CD 

for small Reynolds numbers. Equation (1) can be written as 

ApQ = (50.4/128) (D/L) (128/TT) (TILQ/D4) (2) 

or 

Ap = .394(D/L)Ap (3) 
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where Ap is the pressure drop (128/TT)(LQn/D ) due to wall shear stress 

in the capillary cavity itself. The total pressure drop Apt over capil­

lary 0 is the sum of ApQ and Ap: 

Apt - (1+ .394(D/L))Ap (4) 

or 

T = Ap/4(L/D) = Apt/(4(L/D) + 1.572) (5) 

The manufacturers specification for the ratio length to diameter, L/D, 

of the capillary 0 is 1. A calibration of the capillary with a Newtonian 

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, 

L = .0047 inch, which was found during calibration with a Newtonian fluid, 

diester. The calibrated equivalent length .0047 was assumed to be the 

correct length and the most nearly accurate measure of the capillary 

length. This length was used during evaluation of the measurements. 

The length .0047 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 capillaries 

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 capillary 0 was carried out for entrance length from 

2% down to 0.06% of the total length. The corresponding Reynolds numbers 

for the low shear stress measurements were 0.2 to 0.006. Entrance lengths 
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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 calibration for 

capillary 1 was carried out for equally small Reynolds numbers. 

It is an assumption for the concept of the entrance length that 

the velocity Is taken to be constant at the entrance. The velocity 

profile for the flow at the entrance of the capillary does not satisfy 

this assumption of constant velocity when the flow is highly viscous. 

The velocity profile can be estimated to 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 with the observation of the. indifference of the viscosity 

measurements to the variation from about 0% to 4% of the calculated 

entrance length. 

The concept of entrance length appears thus not to be applicable 

to flow at small Reynolds numbers, Re £ -.1, Into a capillary. 

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

initial stage of the work. The preliminsiry results are consistent with 

equations (1), (2) and (4). The necessary corrections are however 

greater (up to 400%) than the pressure drop over 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 a 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 is about 50% of the impressed pressure drop when the capillary 

has a ratio D/L of 10. 
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The calibration measurements for capillary 0 are found in Table 

14 - Diester, 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 1973 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 

of ±1%, 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 

±1% 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 ±1% 

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, 32<>F. 

Pressure Viscosity Relation (D iesters) 

Deviation of 1973 
Data 1973 ASME 1953 Data from ASME 

32°F Capillary 4 Al 1953 Data 

0 kpsi 57.5 cp 56. 8 cp +1.2% 

5 109 cp 108 cp + .9% 

10 196 cp 194 cp +1.0% 

20 546 cp 547 cp _ 9C/ 
• i-lo 

30 1400 cp 1420 cp -1.4% 

40 3365 cp 3310 cp +1.7% 

All viscosities 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 (lnlnn-lnT) of type ASTM D 341-43. 

Figure 9 shows the viscosity measurements plotted as function of 

shear stress. The figure illustrates the high degree of correspondence 

of the low shear stress measurements for capillary 0 and capillary 1 with 

those of capillary 4. The high shear stress measurements of Figure 9 

(Table 14) show for both capillary 0 and capillary 1 an apparent shear 

thinning behavior of the diester. This calibration 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 

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 1 (L/D = 14.9) show for the same fluid at each pressure 

level consistently lower measured viscosity values for capillary 1 in 

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 characteristics 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 10J 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 1, L/D = 14.9. 

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

10° dyn/ cm which is the upper limit for capillary 1 measurements in this 

series of experiments. The common form of the characteristic leads 

furthermore to the supposition that the diester behaves as a Newtonian 

fluid up to about 2 x 10' dyn/cm (about 300 psi) shear stress. 

Fluid Measurements 

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. 

The presentation of Figure 10 shows the same values of limiting 

low shear stress viscosity for capillary 0 and for capillary 1 at every 

pressure level. These viscosities are within procedural accuracy of 

the viscosities predicted by straight 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 

flow 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 flow curves 

measured at the same temperature. These observations suggest that the 
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mechanism responsible for the flow curve deviation from constant vis­

cosity is dependent on the pressure drop over the capillary, capillary 

geometry (L and D), and possibly some fluid properties; but it is not 

dependent on viscosity level nor on shear rate. It can be shown that 

dissipation heating satisfies these requirements. 

•j 
The highest shear stress shown in Figure 10 is about 3 x 10 

o 
dyn/cm* (~435 psi). Slightly higher stresses were applied. However, 

amplifier saturation of the velocity signal prevented proper measure­

ments from being taken. Similar conditions had also arisen for the 

diester, 32°F, 40 kpsi (Figure 9). These measurements are not incor­

porated in Tables 14 and 15. An extrapolated flow curve signature has 

been used in Figure 9 and 10 to show an estimated behavior of the fluid. 

Figure 11 shows the low shear stress behavior of diester over 

the temperature range covered. Table 6 gives the numerical values of 

the pressure temperature viscosity characteristics of the diester 

plotted in Figure 11. 

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 ) = InA - QlnT, 

(37), where v is the kinematic viscosity in centistokes at the absolute 

temperature T (°R) and c , A, Q are constants (c = .6 cs for v ,< 2cs). 

A and Q are material describing constants. The usefulness of these rec­

tifying charts is based on the observation that mineral oils plot as 

straight lines presumably, however, only at atmospheric pressure. Hersey 

(37) states that fair results can be obtained by plotting the values of 

dynamic viscosity directly using the scale of kinematic viscosities. 
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Table 6. Pressure Temperature Viscosity 
Relationship for Diester 

Temperature 

kpsi 10 32 100 210 300°F 

units centipoise 

0 (130) (57.5) 11.41 2.86 1.46 

5 250 109 18.6 4.3 2.28 

10 472 196 28.95 6.0 3.05 

20 1420 546 64.2 10.7 4.92 

30 3900 1400 134.5 18.0 7.52 

40 9900 3365 268 79.1 11.1 

50 - - 510 46.7 16.2 

60 - - 940 72.0 23.2 

70 - ~ - -

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

().•: Extrapolated from s-traight line pressure viscosity characteristics 
mapped on a rectifying diagram lrilnri-lnT of type ASTM D 341-43. 

Figure 11 is generated with such a simplified plotting method. 

The error that arises from the simplified use of the rectifying 

charts is not significant for use in traction investigations 

of elastohydrodynamic lubrication. The density of the lubricant varies 

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

temperature ranges of interest.. This is a change in density of ltl0%. 
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The equivalent plotted error is totally about ±0.7% at lOOOcp, ±1.4% 

at 100 cp and ±5% at 10 cp. The relative error between consecutive 

points is certainly smaller. A somewhat greater error may be expected 

because the characteristics for many fluids tend to show a slight curva­

ture above atmospheric pressure and for large temperature ranges. The 

lower bound for the viscosity range of interest in traction investiga­

tions is 100 cp to 1000 cp. The maximum error due to simplifications 

of the generating formula is then about 1%. It will in most cases be 

considerably smaller. The simplified plotting method may, therefore, 

safely be applied without any appreciable loss of accuracy. 

The constant cQ (0.6cs) can also be discarded for traction inves­

tigations. The magnitude of this change is about 0.1% at 100 cp and dimin­

ishes rapidly for higher viscosities. The generating formula can there­

fore be regarded as having the form: lmlnn == InA - QlnT which conven­

iently is a formula 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 - In rectifying diagram for viscosities above 100 cp. It is 

also seen that the characteristics are straight lines for the ranges 

0-40 kpsi and 10°F to 100°F as well as for atmospheric pressure and 

10°F to 300°F. There is a minor curvature at all the reported pressure 

levels above atmospheric pressure and above 100°F, when the viscosity is 

less than 100 cp. The curvature is, however, equivalent to deviations 

less than about 5% of predicted viscosities. These deviations are 
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furthermore found at viscosit}' 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 observed deviation of flow curves of many lubricants from the 

Newtonian characteristics toward smaller apparent viscosities 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 (~10 

dyn/cm2) measured with 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 measurements 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 shear rates, 

or 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 fluids 

The temperature changes depend on the amount of heat generated, on capil­

lary geometry (location in the capillary cavity) and on fluid properties. 

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

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

c : 0.3 to 0.5 Btu/lbm°F (0.3 to 0.5 cal/g°C) and p:0.03 to 0.036 

3 3 
lbm/in (0.83 to 1.0 g/cm ) giving a specific heat c per unit volume of 

o 

85 - 170 lbf/in °F. The thermal conductivity and the previously men­

tioned material constant Q are other possible important parameters. 

The thermal conductivity does not vary drastically for mineral 

oil lubricants and for many of the synthetic lubricants. The opera­

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

ft) with lower and upper extremes at 0.013 and 0.020 lbf/sec°F. The 

conductivity decreases about 3% per 100°F temperature increase and 

decreases about 1% per percent increase in density (37). Deviations 

from these levels of thermal conductivities are few. Table 7 gives 

some examples of deviations. 

Dimethyl Siloxane DC-200-50 

One outstanding property of silicone oils is the relatively small 

decrease of viscosity 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 flow 

curves for the capillary 0 measurements. 

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

kt(lbf/°F sec) 

Clorofluorcarbon .0087 

Fluorinated polyether .0117 

Most hydrocarbon and 
methyl siloxane lubricants 

.0150 to 

.0170 

Methylalcohol .024 

Fluorsilicones .034 

Glycerin .036 

Water-Glycol mixtures .05 to .06 

Water 32°F .073 

Water 140°F .082 

Values from reference (38). 

as a function of pressure at 100°F, 210°F and 300°F. The characteristics 

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 silicone oil 

reported in (2) as sample 53--H. 

Figure 15 shows the considerably smaller slope of the character­

istics as compared to the curves of Figure 11 - Diester. Table 16 gives 

the results of the measurements plotted in Figures 13, 14, and 15. These 

measurements were carried out before the modifications to the high pres­

sure viscometer were made. A second series of measurements of the 
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siloxane were carried out at low temperatures 32°F, 75°F and 100°F 

after the modifications were performed. Figures 16 and 17 summarize 

these measurements. The same general characteristics of the siloxane 

were found in the low temperature range. The pressure viscosity curve 

at 32°F, Figure 16, is S-shaped; however, the inflection point is 

located as low as 15 kpsi. The temperature viscosity characteristics, 

Figure 17, at low temperatures are straight lines with slopes of the 

same magnitude as the slopes in the temperature range 100-210°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 18. 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 

•6 9 up to at least A x 10 dyn/cm^ (57 psi). This is shown by the flow 

curves at 30 kpsi where the overlap zone is more than a decade wide, 

5 (\ 2 
10 - 10° dyn/cm , 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 behaviorfor both capillary 1 

and capillary 0 as was the case for the dies Iter and suggests further 

that the range where shear thinning effects are absent can be extended 

to the highest stress reported in Figure 18, which is 4 x 10 dyn/cm2 

(570 psi). 



57 

10' 4 

10J 

UJ , 

« 10z 

101 

10u 

— i ^ - - • • — 

— — 

J. y 
32 F 

— i ^ - - • • — 

— — 

J. y ^ 

— i ^ - - • • — 

— — 

J. 

— i ^ - - • • — 

' 

• — - - - ; -

... „ . . _ 

\ 

10" 

10J 

10* 

10' 

10° 

| n i I i i-||i i • ] • ! , •XmAM^iM-Xnilrnlti iAnili i iAntli i iJLiVitMiImlmXniii I'I !^ i i •-1 j j • : :^:-i i"ij. 11 i j : i; ^1 KGF/CM2 
i i i i i i i 

20 30 40 
GAUGE PRESSURE 

50 60 70 
KPSI 

Figure 16. Low Shear Pressure Viscosity Characteristic of 
Dimethyl Siloxane DC-200-50, 32°F. 



58 

Figure 17. Low Shear Temperature Pressure Viscosity Characteristics 
of Dimethyl Siloxane DC-200-5'0 in the Range 32 - 100°F, 
CASTMD 341-43). 
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Partial blockage of the capillary occurred occasionally 

during the high shear experiment with capillary 0. Figure 19 shows the 

results from measurements at 30 and 40 kpsi with such partially blocked 

capillary and tubing. The results are plotted with Figure 18 as the 

background. Table 18 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 

behavior. These higher values of apparcmt viscosities possibly indicate 

partial solidification of the siloxane. 

The values 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-

7 2 ditions. The applied shear stress was below 2 x 10 dyn/cm (285 psi). 

The latter part of the 40 kpsi series yields meaningless results. 

7 2 Applied shear stresses were above 2 x 10 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 

observed. 

The siloxane was investigated also at 32°F. Figure 20 and Table 

19 contain the results. In order to investigate high shear stress 

behavior, only capillary 0 experiments were performed. 

Measurements at 50 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 10 dyn/cm^ (43 psi). The siloxane seemed to be in a stable condi­

tion in that lower shear stresses applied after a high stress situation 

gave results consistent with earlier results within the same series, 

Table 19, 40 kpsi. 

The flow curves of Figure 20 at 3 and 10 kpsi show greater devia­

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 

with Figure 15. 

The experiment was repeated under identical conditions as the 

previous measurements, 32°F capillary 0 only. The results are found in 

Figure 21 and Table 20. Non-liquid behavior was again observed at 40 

kpsi and shear stresses above 3 x 10° dyn/cm'*. A gradual process toward 

complete solidification seemed to prevail, however. No definite explan­

ation was found of this slightly altered behavior under otherwise iden­

tical conditions. 

The siloxane was measured at 100°F with capillary 4 in order to 

establish a connection with low shear stress data previously measured. 

The results are plotted in Figure 22 from Table 21. The results of 

capillary 4 measurements were found to be of slightly larger magnitude 

than expected (Figure 17 and Figure 15). The reason for this deviation 

was not pursued further because the discrepancy was considered insignifi­

cant for the general conclusions of the work. 

Several investigations were performed into the solidification of 

the siloxane. The more rugged capillary 1 was mounted in the system 

during these investigations. The temperatures were 75°F 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 peaks are estimated to have of about 5 x 10^ dyn/cm . Complete 

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

kpsi for 75° and at 50 kpsi for 32°F. 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 kpsi 

below the blockage generating pressure. This return to the liquid state 

was accompanied by a slight volume increase observed as a slight pres­

sure increase in the liquid 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 

oils in their ability to create an elastohydrodynamic lubrication film. 

Figure 23 is plotted with Figure 19 as background. 

Polyalkyl Aromatic + Additive (DN 600 + Additive) 

High shear stress measurements of the synthetic lubricant DN600'+• 

Additive are found in Figure 24 and Table 22. The flow curves show 

6 9 

Newtonian behavior at least up to 3 x 10 dyn/cm .(-44 psi). The gen­

eral form of the flow curves suggests that Newtonian behavior persists 

7 2 

up to the maximum employed stress of 4.2 x 10' dyn/enr' (610 psi). Par­

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

tainly at 40 kpsi. 
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The table values of capillary 1 at 20 kpsi show some scatter 

6 2 
around 10 dyn/cm . 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 10 , 6.6 x 10 , and 

C O 

9.6 x 10J 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. Non-liquid behavior 

was not experienced, 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 as a partial solidification caused by low temper— 

atures but not necessarily due to high shear stress. 

Synthetic Paraffinic Oils XRM 109 F4 and XRM 177 F4 

The lubricants XRM 109 F4 and XRM 177 F4 are essentially the same, 

except that XRM 177 F4 is blended with an anti-wear additive. This 

additive is not expected to cause significant changes in the viscosity 

of the blend. The base lubricant in XRM 109 F4 and XRM 177 F4 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 2$, 26, 27, and 28 and Tables 23 and 24 show the low shear 

stress data. Viscosities at atmospheric pressure are equal for the two 

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

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

higher viscosities than XRM 177 F4 at higher pressures and temperatures. 

The greatest deviation is found at 50 kpsi and 300QF. XRM 109 F4 has a 

viscosity which is about 8% higher than the corresponding viscosity 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 viscosity of Fluid D is consistently 

lower than the viscosities of the XRM fluids. The figure also shows the 

slightly increased viscosities for XRM 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 shear stress measurements of 

XRM 177 F4. The two fluids XRM 177 F4 and XRM 109 F4 were found pre­

viously during the low 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 for a capillary cover more than two 

decades of shear stress. The Newtonian parts of the curves are particu­

larly far extended into the low shear region showing good agreement with 

measured low shear data. The overlap zone is more than a decade wide. 

The heating effect 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 high­

est shear stress measured was 4.78 x 107 dyn/cm2 (695 psi). 

The operating characteristic for the lubricant in an elastohydrody-

namic contact is also shown in Figure 30.. The vertical line is estimated 

working conditions for the lubricant at a load of" .15 lbf at 54.8 in/sec 

sliding speed in a steel ball and sapphire disc 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 viscometry 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 inter­

est can be varied independently of each other. 

An investigation of all the reported flow curves of the four 

lubricants has shown that all characteristics do fit to one general 

standard curve, regardless of the fluid type and for both capillary 1 

and capillary 0 measurements. Deviations from this master curve are of 

the same magnitude as the experimental error. This observation of gen­

erality strongly indicates that the same mechanism is responsible for 

deviation from a Newtonian characteristic. Further work on the hypothe­

sis of dissipation heating particularly with respect to the influence 

of the coefficients of temperature viscosity and heat conduction is 

reported in the following chapter. 

B3J: Paraffinic Mineral Oil with 11.5% Polyalkylmethacrylate MW=.2 x 10 

Polymer blended lubricants 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 10^) have been investigated before (1), however, 

only up to about 10° dyn/cm̂ ,, 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. 

A polymer (Rohm and Haas PL 4523) with considerably greater molecular 

weight (MW - .2 x 10 ) than used before, was used in order to produce 

extreme properties of the mixture. The polymer was delivered in solu­

tion with a paraffinic oil similar to the base oil. A viscosity 

increase of 20 times the base oil viscosity was desired. The appropriate 

percentage polymer, 11.5%, was predicted from (1). A blend 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 26 shows the results of capillary 4 and capillary 1 meas­

urements with this blend. Lack of expected consistancy of the data led 

to a suspicion of incomplete mixing. The viscometer was then purged. 

The remaining blend was agitated vigorously for another 24 hours at 

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

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

Table 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 10J 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 measurements at 1.0 kpsi and for the same shear stress or the 
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same shear rate. The method of generating the data was different, 

however. The 10 kpsi series at 2 x 10°' dyn/cm* was produced with the 

constant speed unit. The 10 kpsi data from 7 x 10" to 3 x 10' dyn/cm 

were produced manually. 

The data from capillary 4 may be regarded as second Newtonian 

viscosities. A pronounced viscosity increase (-30%) occurs for increas­

ing shear stresses before apparent non-liquid response sets in at about 

5 9 3 x 10-* dyn/ cm . Such viscosity increases as well as the non—liquid 

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 show the pressure temperature 

viscosity relations at shear stresses believed to correspond 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 pressure were 

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

applied shear stress is about 60 dyn/cm 'fpr.p~0.85, whereas the lowest 

/' ' 9 

shear stresses reported in Tables 26, 27 and 28 are of order 10 dyn/cm . 

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

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 1) and the 

second Newtonian viscosity level (column 2). 
Fluid B3J shows the expected shear thinning flow curve character— 



10 

o. 
o 

10 

> , 10 O —A 

CO 
o 
o 
CO 

10 •< 

10 

10 

ISOTHERMAL PRESSURE 
VISCOSITY PLOT FOR FL B3J 

Q 75 F ZlOO F 

A ^ -

. / 

77K 
/ 

20 40 60 

pressure 
80 

kpsi 
100 

Figure 32. Isothermal Pressure Viscosity Plot for Fluid B3J. 
(Paraffinic mineral oil with 11.5 per cent polyalkyl-
methacrylate (MW = 2 x 10°). Measurements with 
capillary 4. Semilog presentation.) 



82 

60 80 100 

pressure kpsi 

Figure 33. Roelands Plot for Fluid B3J. (Paraffinic mineral 
oil with 11.5 per cent polyalkylmethacrylate 
(MW = 2 x 10*0 , Measurements with Capillary 4.) 



83 

Table 8. Paraffinic Mineral Oil with 11.5 Per cent 
Polyalkylmethacrylate MW « .2 n. 10' 
Viscosities at Atmospheric Pressure 

z. 60 dyn/cm2 104 - 105 dyn/cm2 

Capillary No. 400 Cap 4 + Cap 1 * 

75°F - 1000 cp 

100°F 1010 cp 420 cp 

150°F 384 cp 155 cp 

190°F 221 cp 100 cp 

JL 

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

o o 

ized by a first Newtonian viscosity ru at low shear stress (-10 dyn/cmr) 

A ' 

and a second Newtonian viscosity Ti2 a t a shesar stress of about 10^ dyn/cm^ 

The ratio T^/T^ is approximately 2.5. The second Newtonian viscosity 

TI2 never approaches the viscosity nv of the base liquid. The ratio no/n^ 

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

4 , 9 
only to about 4 x 10 dyn/cm where the apparent viscosity increases 

again. The increase in viscosity amounts to about 30%. Distinct non-

liquid behavior appears shortly above 10"5 dyn/cm2 (1.4 psi) and continues 

7 2 

to the highest shear stress ~3.5 x 10' dyn/cm (500 psi). It is signifi­

cant that non-liquid behavior sets in at stresses (1.4 psi) which are 

more than 10 .times smaller than the average shear stress in a moderately 

loaded elastohydrodyriamic point or line contact. These shear stresses 

(-1.4 psi), where transition to non-liquid behavior appears for the 
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material B3J, are found far out in the inlet zone of an elastohydrodynamic 

contact. At this location, the pressures are low, film thicknesses are 

many times the centerline film thickness and temperatures are very nearly 

equal to ambient temperatures. 
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CHAPTER III 

DISSIPATIVE HEATING EFFECTS IN CAPILLARY VISCOMETRY 

Introduction 

The flow of a fluid through a cylindrical capillary generates a 

temperature increase and a corresponding viscosity decrease in the 

fluid. This change of viscosity represents a possible source of error 

in the measurements. 

The temperature increase is given by the ratio of the driving 

pressure drop to the* specific heat capacity when the generated dissi­

pation heat is uniformly distributed in the liquid and heat conduction 

is absent. The specific heat capacity of the liquid is the product of 

specific heat and density. These quantities are near the values .5 

Btu/lbm°F and .03 lbm/in^ respectively for many lubricants. The uni­

formly distributed temperature rise is of the order of 1°F per 140 psi 

2 pressure drop (5-6°C per 100 kp/cm ), when the specific heat capacity 

for the fluid is .015 Btu/in3°F. The situation of uniformly distributed 

heat and no heat conduction from 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 

after the inlet is therefore characterized by increasing temperatures in 

the neighborhood of the wall and nearly unchanged temperatures at the 

center. The fluid temperatures at the wall remain low due to the rela­

tively high heat conductivity of the-wall.material compared with the heat 
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conductivity of the fluid. The temperature distribution is thus an 

annular maximum a short 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

lary axis. 

The dissipation heating and other sources of uneven temperature 

distributions cause distortion of the measurements in capillary 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 

shear 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, been necessary in order to 

reach results. The assumption of a non-convective situation and the 

assumption of constant viscosity have been applied. Most of the pre­

vious works assume implicitly that other material 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 liquid is constant 

at the entry. Compression heating (expansion cooling) is in general not 



87 

discussed. The viscosity is often assumed to be dependent on tempera­

ture alone when viscosity is variable in the problem treatment. Only 

situations far downstream from the entry or situations immediately 

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 4t" order polynomial expression in h for laminar Couette 

flow between parallel plates. The corresponding solution for pipe flow 

is shown by Hersey 1936 (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. 

Hersey 1936 (42) derived an expression for the temperature 

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 

conduction is absent. He integrated the heat flux at the exit and found 

it consistent with the case of uniformly distributed heat in the efflux. 

An 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. 

Philippoff 1942 (6) developed equations and series expres­

sions of the solution; he apparently deleted one term of the equa­

tions. He obtained temperature distributions and velocity profiles. 

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

in terms of temperature and velocity profiles for variable viscosity but 
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at locations far downstream the inlet. His temperature viscosity func­

tion was n = (k + knT)~ . The temperature profiles obtained are simi— 

o 1 

lar to the fourth order profiles obtained with constant viscosity, 

Schlichting 1951 (44), Hersey 1936 (42) and Grigull 1955 (43). His 

velocity profiles show significant deviations from the parabolic 

velocity profiles of the constant viscosity case. The velocity at the 

axis increases relatively much more than the velocities near the wall, 

apparently because the viscosity is higher near the wall. The velocity 

profiles becomes more slender with pronounced maximum at the center 

and an inflection point at about half radius when the pressure drop 

increases. The shear rate at the wall is thus a weak function of the 

pressure drop which suggests a maximum of the volume flow at some pres­

sure gradient. This point was later discussed briefly by Kearsley 1962 

(52). Brinkman 1951 (47) gave the solution for the flow immediately 

downstream of the inlet however for constant viscosity. He incorpor­

ated convection in axial direction and assumed that the pressure gra­

dient was constant. His solution shows the annular temperature pro­

files with the peak increasing in the flow direction 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 downstream. He incorporated axial convection but the solutions 

are based on parabolic velocity profiles and constant viscosity. The 

closed form expression for the solution was obtained by assuming that 

the temperature is a linear combination of the axial coordinate itself 

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

not in general satisfy the initial condition T = 0 at the inlet. 
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Millsaps and Pohlhausen 1953 (48) gave thermal solutions for 

steady 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 

known velocity solutions are used in the energy equation. The tempera­

ture profiles are reported in the form of a dimensionless function G 

which contains the viscosity. G is a function of angular position in 

the wedge. The solutions represent steady conditions far from the inlet. 

The work is of interest for flow through slender conical diameter reduc­

tion tubes anticipating an analogy similar to the analogy of temperature 

and velocity profiles for flow between plane parallel walls and flow in 

cylindrical capillaries, Hersey 1936 (42) , Grigull 1950 (43) , and 

Schlichting 1951 (44) , or Hausenblas 1950 (46). The thermal profiles 

reported by Millsaps and Pohlhausen for converging flow are remarkably 

alike in the investigated Reynolds number range from about 1 to 5000. 

The annular thermal peaks stay consistently near the wall in contradic­

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 the profiles in a con­

vergent section. The analytic solution for the diverging section shows 

strong oscillations with negative values of the thermal 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 axi-

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 decrease due to 

expansion cooling. The resulting temperature and velocity profiles are 

similar to the profiles in the Newtonian case. Gee and 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 case was treated. The wall temperature was 

a parameter. The obtained temperature and 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 

from an average temperature equal to the wall temperature. 

Kearsley 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 

situation 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 increases. The flow situation is similar to the case 

described by Hausenblas however with a more physically realistic viscosity 

function for temperature differences of up to about 50°F. Both Kearsley 
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and Hausenblas describe situations where the temperature gradient in 

axial direction is zero. 

Gerrard and Philippoff 1963 (9) investigated the adiabatic wall 

case and developed a thermal correction to the shear stress, shear rate 

flow curves very similar to the Rabinowitz correction to flow curves for 

non-Newtonian liquids. 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 

conditions with more realistic assumptions than the assumptions made in 

earlier work. The viscosity function was a hyperbolic dependency of 

viscosity on temperature to the power - 3.55. A pressure viscosity rela­

tion was also incorporated. Both the adiabatic and the isothermal case 

was treated. Good agreement was found between calculations and measure­

ments in the adiabatic wall case. It 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 viscosity when the 

shear stress is above about 10J dyn/cm . Radial temperature profiles 

were measured at the exit. The applied capillary diameter was of the 

order of .017 in, .43 mm. The profiles showed a strong annular peak near 

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 

The distribution of increased tcsmperatures in a short capillary 

for high shear stress measurements are estimated along with the in­

crease of flow rate due to the distribution of increased temperatures. 

The configuration of the flow is shown in Figure 34. A viscous 

lubricant enters a short length cylindrical capillary. The volume flow 

rate and the pressure drop over the capillary are measured. Cylindri­

cal coordinates are applicable for the physical configuration. The 

presentation for the remainder of the chapter comprise flow with radial 

conduction and axial convection. 

The temperature distribution in the capillary due to dissipation 

is estimated for the case of axial convection and constant viscosity. 

The deviation of the flow curves will be evaluated assuming the esti­

mated temperature distribution but using a temperature dependent vis­

cosity function in the calculations of velocities and flow rates. 

The procedure is repeated incorporating radial conduction. The 

temperature distribution is estimated assuming axial convection, radial 

conduction and constant viscosity. The flow curves are evaluated using 

the estimated temperatures (for axial convection - radial conduction -

constant viscosity) but assuming temperature dependent viscosity in the 

calculations of velocities and flow rates. 

Equations 

The equation of mass conservation is 

rp.V '•+ (prur),r + (puj,_. + r(puj,_ = 0 (1) 
V r • .8 0 z z 



93 

r = R 

P1 = P2
 +
 A P 

-•-
z 

Figure 34. The Flow Situation, Flow of a Viscous Lubricant 
through a Cylindrical Capillary. 



Table 9. Assumptions 

1. Steady state conditions. Laminar flow. 

2. u- = u(r) only u = 0 u = 0 u_(R) - 0 u_, (0) = 0. 
2 r e z z r 

3. p,_ = constant p, = 0 p,_ = 0. 
z r e 

4. Body forces and inertial forces are zero. 

5. T = T(r,z) only T(R,z) == T(r,0) = 0. 

6. The material parameters n, p, c , k are constant. 

7. Re « 1 

8. Heat conduction in axial direction is zero. 

The equation is satisfied by the assumptions 1 and 2. 

The equations of motion are for p = constant. 

P % T - -f- ) = R0 - P,r + n(V
2ur - (u: + 2iy >/rz) (2) 

pi^l + JLl ) = 9 - ( P , „ ) / r + n(V2u_ + ( 2 u r , _ - u _ ) r 2 ) (3) 
Dt r o 9 . e r F 0 

p _ ? . = z•• - p , + n v u . (4) 
Dt o. *"" z 

where—- and v , shown for example for u . i s : 
Dt r 

Dur 

5T = Vt + u r ( Vr } + V^'e' + ^ ( V z > ^ 
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and 

V2u = ur,r,r + (l/r)(u . ) + (u ,_9_)(l/r
2) + u ,_,_ (6) 

r r r * e 6 r z z 

Assumptions 1, 2, 3, and 4 reduce the equations to 

P,_ '= n(u_, , + (u_, )/r) (7) 
z z r r z r 

or 

rp,_ = (nru_, ),_ (8) 
z z * 

Integrations and the assumptions 2 give 

u_ = rp, /2 n (9) 
z»r z 

and 

u_ = ((r/R)2 - l)(R2p,_/4n) = -(R2p,_/4n)(l - (r/R)2) (10) 
z z z 

The energy equat ion i s 

p C v ^ = M T > r > r + • ( l / r ) T > r + ( l / r 2 )T ,_ ,__ + T,_,_) + » (11) v 
v Dt t r r L Q Q z z c 

Assumptions 1, 2, 5 and 8 reduce equation (11) to 

pcvu_T,_ = k.(T,_,r + (l/r)T ) + n(u . ) 2 (12). 
v z z t r i r z r 

Equations (9), (10) and (12) give 

-((Pcv)(-p,_)R
2/4n)(l - r

2/R2)TJ-; + kt(T,r,r + (l/r)T,r) (13) 
z zi 

2 ? 
+ rzP,:;/4n = 0 

z 

The first term in equation (13) represents axial convection. The second 
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term is radial conduction, in a cylinder, and the last term is the heat 

generation by dissipation. The assumption of constant viscosity allows 

an uncoupling of equations (7) and (11) integration of equation (7) to 

equation (10) and application of equation (9) and (10) into equation 

(12). Other shear stress-shear rate relations than the Newtonian, 

x = fiu, , can be applied; particularly straightforward is the use of 
z 

power law fluids. Temperature dependency in the shear stress-shear 

rate relation would require simultaneous solution of equations (7) and 

(12). 

Adiabatic Flow 

The special case of complete adiabatic conditions in the liquid 

(no heat conduction in the fluid) is of interest because it gives an 

approximate description of the expected temperature profiles immediately 

after the inlet. The adiabatic case also gives a particularly good 

description of the temperatures of the fluid following streamlines near 

the capillary axis. When heat conduction is absent equation (13) reduces, 

p = r/R, to: 

T,_ = (p2/(l - p2))((-p,J/c p) (14) 
z z v 

with the solution 

AT = z(p2/(l - p2))((-p,_)/(cvp)) (15) 
z 

satisfying the condition ATCp, 0) = 0. The isothermal condition 

AT(R,z) = Q cannot be expected to be satisfied in an adiabatic situa­

tion. 
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The temperature in the capillary increases linearly with the 

axial coordinate. It is zero along the axis and increases without 

bound when p = 1. The temperature profile as a function of relative 

radius is shown in Figure 35. The temperatures depend only on the pres­

sure gradient, the specific heat per unit volume and on the location on 

the radius. Fluid viscosity and capillary diameter does not participate 

in the determination of the temperatures. For a typical pressure drop 

of 500 psi over the length z the equation (15) gives the following temper­

ature profile at z: 

AT = (500/140) (p-2/(l - |52)) OF (16} 

or 

AT = 3(p2/(l - p2)) °F (17) 

Equations (15) and (16) are obtained with the assumption of constant 

viscosity. The shear rate is proportional to p and the velocity is 

2 
proportional to (1 - J5 ) in this situation. 

A temperature dependent: viscosity can be introduced in order to 

estimate the increase in volume flow, and thereby the decrease in appar­

ent viscosity, due to heat dissipation. Shear rates and fluid veloci­

ties can be determined when the temperatures as described by equation 

(15) are assumed. An increased flow rate can then be found direct by 

integration of the velocities. The decrease in apparent viscosity are 

thereafter found by the ratio between pressure drop and increased flow 

rate. The assumption of an unchanged temperature profile represents an 

approximation which can be justified only within a certain interval of 

applied pressure drop. 
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Ap = 500 psi 

DIMENSIONLESS RADIUS 

Figure 35. Temperature Distribution in Capillaries for the 
Case of No Heat Conduction in the Fluid. 
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The dimensionless velocity profile thus determined, by assuming 

the temperatures of equation (15) and assuming an arbitrary temperature 

viscosity relation, does not depend on capillary dimensions or materials, 

(Equation (15)). The relative change in flow rate through different 

capillaries of the same liquid will therefore depend on pressure drop 

alone over the capillaries. The flow curves, measured apparent vis­

cosity, proportional to Ap/$ , as function of shear stress, will conse­

quently 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

pendent of the viscosity of the fluid. Distortion of the velocity 

profiles from the parabolic form, change in volume flow rate and the 

change in measured apparent viscosity are therefore also independent 

of viscosity level but depend on pressure drop alone. The flow curves 

for different viscosity levels are of the same congruent form displaced 

through a translation along the viscosity axis alone. This result that 

the flow curves for a fluid are of the same form independent of capil­

lary configuration and viscosity level was obtained as experimental 

observations individually for each fluid during the measurements on four 

fluids of widely different properties, described in the preceding chap­

ter. 

In a comparison between two fluids different temperature viscosity 

relations must be assumed. An exponential temperature viscosity rela­

tion of the form 

(n = nQ exp C-eAT))|p (18) 
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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 temperature increase of interest. The fluid under compari­

son which is the least temperature sensitive with respect to viscosity 

changes, with the smallest temperature viscosity coefficient $, will 

show the smallest deviation in measured apparent viscosity for a given 

pressure drop. It will show the same temperature profile as the temper­

ature profile of the more temperature viscosity sensitive fluid under 

comparison however at a greater pressure drop corresponding to a 

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

pressure drop necessary to give the same reduction in measured apparent 

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

expression 

3Ap = constant: (19) 

valid for both fluids under comparison. The ratio of pressure drop 

applied for the two fluids are inversely proportional to their temper­

ature viscosity coefficients and therefore constant. Flow curves with 

this property will be plotted in a lnx, shear stress, Inn, viscosity, 

presentation, which are used both in the preceding chapter and in this 

chapter for plotting of flow curves, in the same configuration however 

located at different positions along the x-axis. This result that the 

flow curves of different fluids were congruous with a common standard 

form of flow curve was also an observation done during the evaluation 

of the measurements. 
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The temperature viscosity relation 

(Inn - A/TQ) I (20) 
P 

yields a more nearly accurate description of the viscosity 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 temperature changes. Assume 

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

changes are described by 

Ql 
In n* = A*/T* for fluid 1 (21) 

Q* 

In n£ = A*/T* for fluid 2 (22) 

and 

n* - n* (» 1) (23) 

therefore 

0* 
A T 
Al l l 
~ = * (24) 
A2 * Q2 

T 
2 

:'* . * ~* -* _*• _* A, A Q Q' T T are presumed known. A constant a can then be deter-
1 2 1 2 1 2 c 

mined such that T_ = a T . Changes in viscosity Aru and Ari0 for the 

two fluids 1 and 2 will yield 

* Q? 
A ± (T* + AT*) 
— = _ _. ( 2 5 ) 

A2 •* * Q 2 
(T* + AT*) 
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when 

it it 

b\ =An2 (26) 

* * 
The condition Ari = Aru implies however the same change of flow rate for 

the two fluids in the same capillary. Equations (£4) and (25) imply 

AT2 = acAT Equation (15) then yields Ap* = acAp*. The flow curves 

for the two fluids will therefore be plotted in an identical form in a 

lnx - Inn diagram however at different 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, viscosity level and capillary configuration 

in a capillary experiment. The assumptions for the approach were the 

assumptions of Table 1 with k. = 0. The temperature profile was deter­

mined with constant viscosity, The total flow rate was determined relax­

ing the assumption of constant viscosity in calculations of velocity gra­

dients and velocities. No thermal feedback as correction to the temper­

ature calculation was assumed. Liquid behavior of the fluid was 

assumed. The general characteristics thus derived are consistent with 

the experimental results. 

Flow with Radial Conduction 

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

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

through solution of equation (13) with an approximate method. 

Nondimens ionaliz ing 

Introducing the variable 
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6 = T/E z = Lto (27) 

where E = A ( 1 / Q ) 

and the parameters 

Rl = (-P,J R4/4LnK R2 = C-p,_)L/cvp E (28) 
z z 

one obtains for the derivatives 

,2 9, = T,_L/E e,_ = T.R/E e,_,_ = T, . R A/E (29) 
60 z P P P 

in that p = r/R 

Equation (13) then becomes 

(-R1) 6, (1 - p2) + 6,_,_ + (l/p)q_ + (Rl)(R2)p2 = 0 (30) 
P P P 

with 0(1,0)) = 0 and 6(pv0) = 0 

Approximate Solution 

Temperature Distribution. The term containing 9, suggests solu~-

tions with an exponential expression, est0. The range of interest for 

the solution is the locations Immediately downstream of the inlet where 

so) is expected to be small (sai << 1). The factor est0 can therefore be 

approximated with 1 + sco. The. condition 9(p,0) = 0 leads however to the 

product type expression 

n 

= ••sai 

0 

J R (P2n) a_ (31) 
u n 

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

possible approximate solution. The temperature 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 temperature is therefore 

assumed to remain constant in the solution, Terms of the form (1 - p n) 

will give a dimensionless temperature at the center equal to the sum of 

the coefficients a_ and also satisfy the condition (l,u>) = 0. The 
n 

series expression for the approximate solution was therefore selected as 

fi ' •. 

e i a) £ V 1 - P2fl) (32> 
l 

Determination of the constants of equation (32) was carried out by the 

collocation method. The calculations were performed on a computer. A 

program which would accept up to eight collocation points, (5", was cre­

ated. The program finds the coefficients a~ for u> = 1, at the exit, 

calculates the temperatures at the eight radially displaced collocation 

points, and determines the deviation from zero when 9 is inserted in 

equation C30). The program is found in Appendix E. Execution time is 

about 250 msec. A typical flow situation for the sapphire capillary is 

Ap = 500 psi, n = 3000 cp and E = 2000°R which gives Rl ~ 1140 and 

—3 R2 ~ 1.585 x 10 . The temperature profile 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 approximately 4.4°F average temperature 

increase at that radial location. The figure shows also the tempera­

ture profile at u> = .5. The maximum temperature is 5.7°F at p = .93. 

The selected expression for equation (32) gives thus the correct 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 
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E = 2000 °F 

K = 1.06-10-4 in2/sec 

DIMENSIONLESS RADIUS 

Figure 36. Temperature Distribution in Capillary 0, 
Heat Conduction Present. 
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a). This is in general true at all positions, for p greater than 

about .7, where heat conduction is significant. Heat conduction is 

not significant 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: Ap = 1000 psi is however much more pro­

nounced with a maximum of approximately 23°F at p - .92. 

Figure 37 shows the contributions from convection, conduction 

and dissipation from equation (30). The pressure drop is 1000 psi. The 

profiles are calculated at w = 1. The dissipation profile is the same 

when a) = 0 as for (o = 1. The convection profile is a mirror picture 

about the p-axis of the dissipation profile when (o = 0. Convection 

removes therefore the total amount of generated heat when oo = 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 to the capillary wall when oo = 1. This happens 

in the region p > .86. The total amount of heat conducted away to the 

walls can be estimated to be of the order of 7.5% for the total capillary 

length assuming as an approximation that the conduction contribution 

increases linearly with oo position. It is seen, at (o = 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 is absent 
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Capillary 0 , Fluid 0 

K = 1.06x10~4 in2/sec 

Ap = 1. kpsi 

CO = 1. 

n = 4.36x10~4 Reyn(3000cp) 

Figure 37. Heat Balance. Capillary 0. Axial Location; 
w = 1. (The Heat Flux* are nondimensionalized 
with respect to the dissipation at p =1.) 
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will, therefore, expectedly transfer to the case when heat conduction 

is present with some slight modifications. The small amount of heat con­

ducted away suggests also that the capillary measurements are strongly 

insensitive to the degree to which the desired condition of isothermal 

wall is satisfied. This insensitivity is consistent with observation 

during the measurements. 

Calculation of Flow-Rate 

The program which determines the temperatures at the collocation 

points calculates further a velocity profile and a flow rate at OJ = 1 

under the assumption that the shear rate is modified by exp (3AT) where 

B is the temperature viscosity coefficient for an exponential viscosity 

dependency of the fluid temperature and T is the temperature increase as 

calculated through the preceding steps assuming constant viscosity. The 

temperature increase AT is 

AT = 0 x E (33) 

A short series of calculations of volume flow rates was performed with 

the program. Exponential temperature viscosity coefficients 3 in the 

range corresponding to the coefficients for fluid D and for the dimethyl 

siloxane were selected. For fluid D which has a Q exponent of about 

2.2 in a lnln^-lnT presentation an exponential coefficient of .03 was 

selected. A coefficient of .015 was selected for the siloxane which is 

less temperature viscosity sensitive. The temperature E was assumed to 

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

AT == 60 x 9 for fluid D (34) 
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and 

AT = 30 x e for siloxane (35) 

Calculations were performed with the pressure drop increasing with a 

factor of 2 for each step and beginning with 250 psi. The series ended 

at Ap = 3-4000 psi in that higher pressure drop were considered to cause 

unacceptable deviations in the assumptions made for the calculation. 

An apparent viscosity defined as Ap/calculated total flow rate was 

determined. Figure 38 shows a plot of the calculated flow curves for 

the two model fluids, representing fluid D and siloxane, as generated 

in situations equivalent with flow through capillary 0 and capillary 1. 

The flow curves follow accurately the standard flow curve which was 

found to be a common configuration for all the experimental measured 

flow curves. The calculated flow curves are furthermore located very 

near the actual position along the x-axis of the measured flow curves 

for fluid D and siloxane. 

While the agreement between measurements and a calculation is 

remarkable it does not rigorously determine that viscous heating is the 

only mechanism generating the apparent non-Newtonian flow curves. The 

calculation procedure approximates the actual flow situation in the 

capillary. However, the example, together with the evidence collected 

during measurements and evaluation, shows that the investigated fluids 

probably are Newtonian in flow properties up to the highest shear 

stress applied. 
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10 

Apparent 
Viscosity 
Normalized 
with low Shear 
Viscosity 

Capillary 0 

10°H 

10 

Synthetic Paraffinic Oil: SPO 

Siloxane Sil 

10 10" TO dyn/cm2 10 

Figure 38. Calculated Flow Curves for Synthetic Paraffinic Oil 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 IV 

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

Flow with Constant Viscosity 

The steady plane Couette flow with constant viscosity is 

thoroughly described in the literature. Textbooks, Pai (53), give the 

case as one of the exact solutions to the Navier-Stokes equations. The 

energy dissipation is constant throughout the film as both shear rate 

and shear stress are constant. The temperature profile is a linear 

combination 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. 

The assumption of constant viscosity is justified for only 

relatively small temperature differences due to the strong temperature 

dependency of the viscosity of most liquids. 

Flow with Temperature Dependent Viscosity 

Review of Solutions 

The literature has several solutions where the temperature 

dependency of the viscosity of the lubricant is taken into account. The 

solutions are, in most cases, only for specific temperature viscosity 

i 

relations, which furthermore give incomplete 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 situation. His method of solution 

is graphic and can accommodate any viscosity function, whether given 

as an analytic expression or as experimental data in table form. Hagg 

1944 (55) performed a similar investigation of low pressure films. 

The temperature viscosity relation was limited to the exponential case, 

and the method of solution was analytic. His results are presented 

primarily in terms of shear stresses'* Temperature differences in the 

experimental part of these two reports are of the order of 50°F. 

Shear rates are about 10 sec" . Shear stresses are less than 1 psi; 

3 that is, approximately 10 times lower than the shear stress in a 

typical elastohydrodynamic film. 

Regirer 1958 (56) treated the case of an arbitrary dependence 

of the viscosity on temperature. This analytical work is profound and 

thorough. The investigation is concentrated on determining the shear 

stresses and the velocities of the lubricant. One important result is 

the derivation of expressions for the shear stress and particular 

expressions for the limit of the stress when the maximum film tempera­

ture increases beyond bound. 

Crook 1961 (57) and Bostandzhyan et al., 1965 (58) studied the 

exponential temperature viscosity relation and gave results in terms of 

viscosities and temperatures through the film. Crook worked primarily 

with elastohydrodynamic films. He limited the investigation to the 
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situation of the same temperature for both walls. Hunter, et al. 059) 

used the exponential relation, but in the case of a wedge-shaped low 

pressure film. 

None of the investigations discussed the physics of the problem. 

The inherent limitations of the analytical approach imposed by the assump­

tions are not mentioned. Only Bostandzhyan (58) remarked that the equa­

tion to be solved does not admit arbitrary parameter variations. 

Problem Formulation 

The lubrication situation considered is 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 

x1 direction. The other velocity components u« and u,, of the surface 2 

in the x« and x. direction are assumed to be zero. Surface 1 is sta­

tionary. The temperatures of the surfaces are constant T_ and T„. The 

pressure is constant. The temperature viscosity relation assumed is the 

formulation lnlnn = In A-- Q In T described in Chapter II. The 

temperature viscosity relation contains two material constants: a char­

acteristic temperature (E) and a characteristic pressure (q) besides the 

two variables, temperature and viscosity. E = A and p/q • Q where 

p is the pressure. The equation is 

n = cie<
E'T>P/q (1) 

where c, is a dimensioned constant c. = n/|n|. E has the dimension of 

Rankine and q has the dimension of lbf/in . E and q are functions of 

the pressure p. 
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Figure 39. The Lubrication Situation, Flow of a Viscous 
Lubricant Between Parallel Bearing Surfaces. 
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Steady state conditions and laminar flow are assumed. The 

assumptions are summarized in Table 10. 

Tablei 10. Assumptions 

1. Steady state conditions. Laminar flow. 

2. u1 = u1(x3) only; u2 = 0; u_3 = 0; u^O) = 0; u^h) = (UN). 

3. p = constant 

4. Body forces are zero. 

5. T = T(x ) only; T(0) = T = constant; T(h) = T = constant. 

6. p = p(x2,x3) 

7. cv = cv(x2,x3) 

8. kfc = kt(x1,x2) 

Equations 

Cartesian coordinates are applicable for the physical configura­

tion. The equation of mass conservation is 

p,t + ( P ^ ) ^ = 0 i « 1,2,3 (2) 

The equations of motion are 

Du. • i ? T 
P ITT- X, + (T4,),. M >»,», (3) Dr- xi + ( Ty>'j I'-i^ls 

where 

x = (Au , -p)6 + TI(U , + u.,\) i,j,k = 1,2,3 W 
•LJ K. K. lj 3- J. j 2. 
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and 

A = -2n/3 (5) 

The energy equation is 

pl^lI+ppD(iM = ( k t T ) _ ) ( i + $ t - i - 2 , 3 (6) 

where the dissipation function is 

• • - M"2
V1

 + V2 + u3'3 " 3(U1'1 + U2'2 + U3»'3)2J 

ry ry 

+ n((u1>2 + u2fl) + (u2,3 + u3,2) 

•+ (u3fl + u1>3.)
2) (7) 

The temperature viscosity relation is 

n = Cie(B(p)/T)^^» (8) 

The assumptions 1, 29 and 6 satisfy the equation of mass con­

servation (2). The assumptions 1, 2, 3, and 4 reduce the equation of 

motion to 

nu-,_~ constant (9) 

The stresses reduce through assumptions 2 and 3 to 

xi± = -p 1-1,2,3 (10) 

and 
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T13 " T31 = mV3 (11) 

Equations (9) and (11) show that the shear stress is constant in 

the film. 

The energy equation reduces through assumptions 1, 2, 5, 6, and 

7 to 

(V'f3),3 + T1-Ul»3 = ° (12) 

The viscosity function is conveniently rewritten in the form: 

n = ̂ Ina.'q.E)! (13) 

such that the constant c_ has the units of the viscosity. The numerical 
.1 

value of c is unconstrained except, of course: c. ̂  0. The equations 

are thus reduced to the following set: 

n == c1y(T,q,p> (14) 

nu-,- = const ".T,_ =: Ti3^!ST) 0-5) 

(ktT,3)J13 + nu*>3 = 0 (16) 

Nondimensionalization 

Introducing the variables 

/ ' ' • ' • ' ' . • • ' . 

9 = T/E U = U /(UN) Z = X_/h 0-7.1.. 

and the parameters 
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Tt1 = T1/E TT2 = T2/E TT3 = p/q C18) 

ir'4 = c1(UN)2/2k E ir.5<= Th/c^UN) (19) 

one obtains for the derivatives 

form: 

0,z = T,3h/E 0,zz = T,33h
2/E (20) 

u,z = ult-3W(UN) (21) 

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

fl"Trq 
n/Cl = y(6,ir3) = e

W J (2?) 

UU, ,'- 7T (23) 
Z J 

and 

9. + 2V5u,z = 0 (24) 

The boundary conditions for (24) become: 

u(0) = 0 0(0) == v 

u(l) = 1 0(1) - TT2 

(25) 

The Shear Stress in the Film 

Integration of equation (24) yields: 

6,. + 2Tr/Tr_u = c0 (26) 
z 4 5 2 



The boundary conditions give: 
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e , z ( 0 ) = c 2 e , z ( i ) == c2 - 27r47r5 C27) 

If one defines the auxiliary parameter r tp be 

r - • e > z ( l ) / 2 j 4 i r 5 (28) 

then the constant c~ is: 

c2 = 2ir4 i r5( l+D C29) 

and the equat ion (26) i s 

; e, . +,2TTTr (u-(i+r)) = o 
z 4 5 

C30) 

or 

e,zAi7T + 2u, (u-( i+r)) = o (31) 

Integrating equation (31) once yields: 

K J V ^ + I ; -(A - 2<i«>/? dc] - .0 (32). 

as 9 = 9(z) only and u = u(z) only, TT , ir- „ TT,. are constants in the 

following derivation. Equation (32) gives: 

Su(9,7T 9ir3) + u - 2(1+Du = 0 (33) 

or 
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1/2 u = ( l + D ± ( d + r r • - Su(e,TT]L,7r3))-L/z ( 3 4 ) 

where 

( 6 > V , ) = l / , 4 / ^ - ^ (35) 

Equations (30) and (34) show 

u - (1+r) = ± ( ( l + D 2 - Sii(0,.ir l fir3))1 / 2 = - 6,z/2Tr4Tr5 (36) 

furthermore TT. > 0 and 7r_ > 0. 
4 5 

The signs of equation (34) are therefore applied as + when 8, < 0 and -
z 

when 8, > 0. When 8, = 0 , the square root expression is zero and 
z z 

u •- 1 + r. From (33) it is seen that: 

Su(7^,7^,7^) = 2r + 1 or r-.i- (Su(Tr2,7r1,Tr3) - 1) (37) 

So far in the derivation, only TT. through TT, have been involved. 

The local lubricant velocity in the film is expressed as function of 

temperatures and material constants (equation 34). This leads directly 

to a statement of the maximum temperature attainable in the film. 

It may be added that equations (33),, (34) and (35) could be 

derived directly from equation (31) by integration after elimination of 

z as variable. 

In order to obtain expressions for the shear stress in the film, 

an integration of equation (30) is carried out, giving: 

2 

pe ru 2 rz 

d? + TT. iid(r>-27r/Tr_(l+r) d£ = 0 (38) 
j7Tl 4 J 0 4 5 J0 
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By squaring and differentiating equation (3A) 

d'Cu2) -- C-l/ir4y)(l
!± (l+r)((l+r)2 - Su(e,7ri,7r3))"

1/2)de C39) 

and equation (38) reduces to 

9 

±2TT4IT5Z = J ( . (1+0 2 - Su(C,7r1 ,7r3)}" '1 / 2 d9 (AO) 

from which in the l i m i t of z = 1 and 9 = TT9 one g e t s 

*2 ^2 2 
*Km±( — h I ( ( 0 / 4 ) f . • y(5;ir ) - 1 d 5 + TT ) •• ' : . 

9 

- Tr^J^ y ( 5 , T r 3 ) " V ) " 1 / 2 . d e (Al) 

The sign convention for equation (Al) is that of equation (3A): + for 

9, < 0 and - for 9, > 0. 

2 
The transformation (39) is not defined when SU(0,TT ,TT ) = (1+1) 

which happens for 9, = 0 (d9 is zero here). The integral (Al) is 
z 

therefore improper if the maximum temperature in the film is located 

in the interval 0 < z < 1 (or if 6,_ = 0, for z = 0 or z = 1). A com-

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

(Al) will verify that the integral of (Al) is bounded. The integration 

may appropriately be carried out, if T • (9, = 0) is located in 

0 < z < 1, as separate operations in each of the two subintervals using 

the correct sign. 
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It may be added that equations (40) or (41) could be derived 

directly from equation (30) substituting equation (33) and integrating. 

The Maximum Temperature in the Film 

The maximum temperature is located at one of the boundaries 

(z = 0 or z = 1) if 9, (0) and 0, (1) both have the same sign or if one 
z z 

of the gradients are zero. The maximum temperature is located within 

the film in all other cases. 

Equation (30) shows that if 0, = 0 then 
z 

»l«, =o = 1 + r (42J 

Z 

It is presupposed that the range of interest does not contain: 

TT. = 0 = Tr_. (IT. = 0 =*>(UN) - 0 or k = °° or E = °°. 

H D 4 t 

TT_ = 0 =«> h = 0 or T = 0 or (UN) = «) . 

Table 11 shows temperature and velocity profiles for selected 

values of P. It is seen that 

0, = 0 only when -1 < T < 0 (43) 
z 

Equation (34) and equation (42) imply: 

• N 2 (i+r;r = suce,^^^) |e-e.,' (**) 
max 

or with equation (35) and (37) equation (44) becomes 

M 
|^-(Su.(ir2»ir1,.-ir3.)+-.l) = S U ( 0 , T T 1 , I T 3 ) (45) 

0 = 0 
max 



Table 11. Flow Situations for the Film. Su = Su(ir ,7r ,ir ) n ir Constant 

u 

^1 
/ / / / / / / / / A s / / / / / • / / / r < - l c 2 < 0 

Su < - 1 e > TT-
max 2 

e = TT-
max 1 

a t 2: Qf and 6, < 0 
z 

a t 1: Qf and 6, < 0 

r = - 1 c 2 = 0 at. 2: Qf and e, < o 
z 

Su = - 1 e > 7r ' 
max 2 

a t 1: Q=0 and 6, = 0 
z 

'max "1 

/////////XT//////// 2 _x < T < _ I - 1 < T < " y c 2 > 0 

- 1 < Su < 0 6 > TT0 

max 2 
e > TT-
max 1 

a t 2: Qf and 6, < 0 
z 

a t 1: Q+ and 6, > 0 
z 

- con t i nued -



Table 1 1 . Flow S i t u a t i o n s for the Film. Su = SU(TT ,TT ,TT ) TT , TT Constant 
(Continued) 3 4 

u 

Symmetry 

rcvvvw' 

r = " 2 

Su = 0 

C2 = V5 > ° 
6 > TT ' 

max 2 
e > TT, 

max 1 

a t 2: Qt and 6, < 0 z 

a t 1: Q+ and 6, > 0 z 

= - < r < 0 

0.< Su < 1 

C2 > 0 

e 
max 

> 
*2 

6 max > vl 

a t 2: Qt and 6, < 0 z 

a t 1: Q+ and 6, > 0 
z 

/////// 
' / ' * ' • 

A// / / / / . // 
r = 0 

Su = 1 

C2 > 0 

e 
max 

= "2 

e 
max 

> 
" l 

a t 2: Q=0 and 6, = 0 z 

a t 1: Q4- and 6, > 0 z 

- con t inued-



T a b l e 1 1 . Flow S i t u a t i o n s f o r t h e F i l m . Su = SU(TT T\ ,TT ) I T . , IT. C o n s t a n t 
(Conc luded) 

u 

r > o 

Su = 1 

C2 > 0 

e. 
max 

= ¥2 

e 
max 

> ¥ 1 

a t 2 : Q4- and 9 > 0 
»z 

a t 1 : Q4- and 9 , > 0 
z 

to 
ur 
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which can be written as 

VvvV8««>"° (46) 

The behavior of 0 (Tr«iir,) is illustrated also in Table 11. 
max 2 1 

Table 11 shows that heat sources must be present outside the film 

if r < -1 or r > 0. The situation of viscous heat dissipation in the 

film without external heat sources is found when r is in the interval 

-1 < r < 0. These conclusions can also be deduced directly from equa­

tions (27), (28), and (29). It is seen from Table 11 that 

TT0 < 6 and ir, < 6 when -1 < r < 0 (47) 
2 max 1 max 

0 = TT0 when r = 0 max 2 

0 = IT. when r = —1 max 1 

Equation (45) yields, as (6max) >7r - - \ ^ /Hi>d 
max 

' W ^ • " ( 1 - MVi.'s" * viB^niUj). C48) 

or 

(0 ) , > 0 when - 1 < r < 0 (49) 
max 'IT ~ 

because Su(7r9,7r1 ,TTO) < 1 when - 1 < r < 0, Table 11 , and y(e /2y(TT-, ) >. 0, 
£• X .3 UlclX J. 

Consequently: 

0 maxl r=- l > 0max'-l<r<O (50) 
•• T - d 
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also: 

0 . »• IT0 when r > 0 
max 2 ~ 

6 = IT, when r < -1 max 1 

(51) 

Equations (50) and (51) state that the highest attainable film 

temperature is located at one of the bearing surfaces. A temperature 

extremum which is found within the film will be of smaller magnitude 

than the highest attainable temperature although it in itself is a 

temperature maximum in the particular lubrication situation. 

The parameter T is equal to -1 when the maximum film temperature 

is located at the stationary surface. This case is significant because 

all other flow situations can be derived directly from it. 

When r • -1, adiabatic conditions exist in the plane z = 0. When 

T ^ -1, in [-1,0], there exists a plane at some z = z-, z,[0,l] where 

adiabatic conditions and symmetry exist: with respect to temperatures, 

heat fluxes, and velocity gradients. The velocity at z- is easily found 

(equation (30)) as 

u(Z;L) = 1 + r (52) 

Also the velocity difference u(z) - u(z') is seen to be symmetric about 

the plane z - z- . 

The case of adiabatic conditions at one of the bearing surfaces 

is also important because many lubricant films operate physically under 

conditions where the major part of the heat generated by the energy dis­

sipation is conducted away through only one of the surfaces. The other 
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surface can therefore be approximated with an adiabatic wall situation. 

The Adi.ab.atic Wall Condition 

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

T. = -1 or SU(TT_,TT, , T O = -1. There exists a symmetry of the flow situ­

ations with respect to the parameter T about the value r = -1/2. No heat 

flux is found at wall number 2 (the moving bearing surface) for 

SU(TT_,TT1 , TT_) = 1 . This situation is physically the same as 

SU(TT ,TT ,irJ = -1 if the dimensionless unit velocity is subtracted from 

the arrangement. 

The condition of no heat flux at one wall or bearing surface can 

therefore be obtained from the definition of Su, equation (35) 

.. ir2 

j y<e,Tr->-1de - ± (53) 
y - ..4 

The sign ± correspond to TT? >'TT--. 

The temperature at the adiabatic bearing surface is the maximum 

temperature that can exist in the film under the assumptions of Tables 10 

and 11 and the extra assumption that no exteimal heat sources influence 

the film temperatures. 

Only four parameters IT - IT, are involved in its determination. 

Film thickness is not an element in the parameters IT- - IT. and therefore 

does not influence the highest temperature that can be maintained in a 

film. 

The upper limit for the temperature in any lubricant film can 

be determined if the following properties are known: the bearing 

Adi.ab.atic
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surface velocity (UN), the coefficient of heat conduction k. of the 

lubricant, the temperature T of the moving bearing surface and the 

viscosity as function of pressure and temperature. 

The solutions are usually not found to be sensitive to the 

accuracy of TT (T~) . The integrand 1/y of equation (53) decreases 

rapidly with decreasing TT (T ). The contribution from the low tempera­

ture region becomes therefore insignificant below some temperature T_. 

A diagram has been prepared which will let the solution of equa­

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

Graphical^Representation of the Statement 
Of the Maximum Film Temper at lire 

The temperature viscosity relation equation (1) 

n - c ^ ) ^ (1) 

is used for the graphical presentation. It predicts lubricant viscosi­

ties under elastohydrodynamic conditions with a satisfactory accuracy as 

discussed in Chapter II. The relation can be written as 

TTo ~T o 

•n = C ; Le
( E / T ) = C;Le

(0) « (^(e,^) C54) 

which for constant pressure become 

TV = c^Ce) (55> 

E is the temperature ( R) at which the viscosity is equal to e centipoise, 

TT- is the slope of the straight line characteristic on the rectifying 
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double In single In diagram, c is a unit carrying constant (=1 

centipoise),T is in Rankine and ri is in centipoise. Calculations are 

usually carried out with Reyn as viscosity units and the constant c-

thus becomes (6.895 x 10 )" . The actual value of y(6,7r.J is the 

numerical value of the viscosity as measured in centipoise. The equa­

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

of solution as 

77 9 ""^'K 7F9 K ^1 °* '""" 

J -ir 1
 A 7r2 > *l ** + 

The integral term is plotted in Figure40 for W = 1, 1.5, 2, 

2.5, 3 and 4. The entrance to the diagram is through TT_. Intersection 

of the vertical line n9 with the appropriate, interpolated ir, value 

gives the value of the term: 

*2 
I2 -J. y(e)-1d6 Cir0« itĵ) C57) 

\ > 

The value of the parameter Tr, is added to I1? giving I 

\ 
I t = J u(e)-1de (TT0 « i^) C58) 

¥o 

Intersection of the horizontal line I with the appropriate, 

interpolated ITo value gives the desired iir- value. 

The maximum temperature in the film is therefore thus found as 
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CM 

-10 

-15 

Figure AO. Dimensionless Maximum Film temperature TT.,. 
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T = 7Tn X E (KQ) 

max 1 VJ*' 

this is the maximum temperature that can be maintained by viscous 

dissipation in the film itself. It is reached only tinder adiabatic 

conditions at one wall. This is a situation where the generated heat 

is conducted away to one side alone through the total film thickness. 

The temperatures in the film are lower under non-adiabatic 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 attainable film temperature, 

equation (53), -Ls obtained directly from the integrated 

energy equation (31) and the result of a further integration, the 

expression for film velocities equation C34) by applying the adiabatic 

condition at one wall. This condition implies c? = 0 r= -1 

6, (l) = -2TT,TT ' and thereby direct Su(ir„, IT. , T O = -1 which then in 

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

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

temperature. 

Auxiliary diagrams to determine the actual properties TT̂  and E 

of the lubricant might be necessary. Appendix F describes such graphs 

and the use. Appendix G describes approaches to determine the tempera­

ture of the moving surface. Appendix H shows the program used in cal­

culation of equations (57) and (58)in Figure 40. The program consists 

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

1108) for each ITo value. Similar procedures can easily be prepared 

for any desired viscosity temperature function. 
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Determination of the Shear Stress 
in the Film Via a Graphical Solution 

Equation (41) gives the general expression for the dimensionless 

shear stress as 

) (60) 

The integral is improper in the range of interest -1 £ r < 0 

which makes it slightly cumbersome to work with. 

The parameter ir. depends also on four parameters. It is difficult 

to present this solution in a two-dimensional graph. Two parameters are 

in most cases the limit for such a presentation. 

A somewhat simpler approach is 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 

applied. 

For this situation, of the adiabatic plane located at the sta­

tionary wall (wall number 1) at z = 0, the (expression for the dimension-

less shear stress (equation (41)) reduces to 

1 r2 r r8 -1 r 1 / 2 -
T5 " " 2 J„ f \ J „ • "«>V d5j d9 *2 < ' l ( 6 1> 

because in th i s case 

*2 
» 4 • • • - - / M ^ ) " 1 dC (62) 

IT 

1 
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and therefore equation (61) is 

W5 = H3< V V V (63) 

TT_ depends in this case on three parameters only of which the 

dependency on parameter IT in most cases is relatively weak-

Figure 41 shows a graph of equation (63) for n = 1.0, 1.5, 2.0, 

2.5, 3 and 4, and for appropriate TT« values. The range of IT,, in Figure 41 

covers primarily the expected operation of elastohydrodynamic films. 

The program used to determine ir,. (Figure41) is found in Appendix I. 

The interpolation procedure to determine IT can be carried out 

as two TT_ determinations for the two TT./S nearest to the actual IT -value 
5 J 3 

of the lubricant. A straight line between these two ir_ values will 

intersect with the actual ir« curve of the lubricant giving an approxi­

mation to the desired actual dimensionless shear stress TV. 

The shear stress in the film is therefore found as 

T = 7rrc1(UN)/h C64) 

TT c_ and (UN) are known. Information about film thickness must be 

available, from measurements 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 solutions via two dimensibnless graphs and 

straightforward calculations. The procedure has assumed Newtonian 

behavior, constant ratio between measured shear stress and shear rate, 

of the lubricants as the behavior was found in the investigated shear 



Figure 41. The Dimensionless Shear Stress 'ir-- in the Film. 
U) 
Ln 
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stress ranges for diester, polyalkyl aromatic plus additive, 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 ratio 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 known. 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 lubricant 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 follow response as predicted by equa­

tions (35), (53) and (40), (41), or by Figures 40 and 41. Application 

of existing theory to predict film thickness might possibly also be 

questionable for a fluid as B3J in as much as the theory assumes liquid 

behavior of the lubricant both in the inlet and in the contact area 

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

3 stresses 10 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 elastohydrodynamic contact. 

Determination of Temperature and 

Velocity Gradients in the Film 

The description of the flow situation may be completed by deter­

mination of the gradients of temperatures and velocities and finally 
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determination of the location in the film. 

The shear rate is found from equation (22) 

V " yU'2 (22) 

which is 

U, z = TT5/y(8) = H4(e,TT1,TT2,1T3,TT4,TT5) (65) 

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

which rewritten for the adiabatic wall case is 

6 ,z = •"27r4Tr5<-Su<e»7r
1»

7r
3)) 

1/2 (66) 

or 

A 1/2 

(67) 

Determination of the z coordinates of the film is desirable for 

the purpose of a graphical presentation of profiles of velocity, tempera­

ture, and the gradients of these. The z coordinate can be determined 

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

1/2 i^a -1 -i r1 / 2 

- l/C2ir+^ir ) n(?,ir3) Xd5 d6* 
(68) 

e e 
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The Case of the Nonadiabat1c 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 6 

Equation (II) will give the IT̂  value valid for the part of the film 

from 8 to ir„ in that 6 supersedes IT- in '(H) • The result of the max 2 max 1 

preceding chapter can be applied directly to the part of the film going 

from 0 to TT_, in that the velocity of the wall number 2 must be 
max 2 J 

reduced as shown in equation (52). 

The z values of the film from 8 to TT« may be found from equa-
raax 2 

t i o n (40) which s i m p l i f i e s to 

fl sfc 

/ 2 , , . * . , , 1 / 2 

"8 <• JQ max max v>-f • i-.r v<w-v d8* TtnSBtB^ (69) Z max 

The expression (69) is valid only for the part of the film from 8 to 
J r max 

V 
Integration from 8 to IT of equation (69) will give the z 

value (the thickness) of the film from IT- to 8 and thereby both the 
1 max J 

total dimensionless film thickness and the fraction of the actual film 

thickness that must be applied in equation (19): IT = Th/c. (UN) to 

determine the shear stress T. (UN) is the above-mentioned reduced 

velocity. Symmetry about the plane where u = 1 + T for the temperature 

range T\ - 8 - TT. completes the profiles of velocity, temperature, 

and gradients of these. 
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CHAPTER V 

APPLICATION OF THE MAXIMUM TEMPERATURE 
CONCEPT TO ELASTOHYDRODYNAMIC FILMS 

Assumptions 

The lubrication situation in an elastohydrodynamic contact 

deviates in several respects from the assumptions stated in Chapter IV 

for the derivation of maximum temperature and the shear stress of a 

liquid lubricant film. The pressure and temperature gradients of the 

elastohydrodynamic film seem to interfere with the application of the 

obtained results. Deviations from liquid behavior, one-dimensional 

velocity situations, 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 the assumptions. 

Parallel Bearing Surfaces 

The elastohydrodynamic lubrication of a moderate-to-heavily 

loaded elastohydrodynamic contact is characterized by a large ratio of 

film length to film thickness. Although th€» situation is shown in most 

of the literature with steep slopes of the bearing surfaces, the actual 

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

analyses arid experiments confirm this (18), (27) , C60), (61) , (62) . 

Detectable deviations from parallel configuration are usually found only 

in areas near the exit. The maximum deviation is here angles of the 
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-3 order of 10 radians. The average size of the slope 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 approxima­

tion, be estimated as if the surfaces were completely parallel and of the 

same 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 in accuracy. These corrections 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-

hydrodynamic lubrication goes from about: 5 pinch to about 50 uinch. The 

relative accuracy is thus ± 20% to ± 2%. The comments on parallel con­

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

in most cases. 

The Pressure Gradients 

The pressure distribution in a contact has been investigated, 

particularly through computer solutions. Figure 42 shows 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 viscosity and traction are therefore not widely different 

in 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 only 

a small extension in the film direction and will therefore contribute 

only with an amount equivalent to the hatched area of Figure 42. The 

spike has furthermore not been demonstrated experimentally in such 

exaggerated form as shown in Figure 42. 

As such it might be regarded to some degree as a computer gener­

ated phenomenon only and not a physical reality. Its influence on the 

total traction may therefore be disregarded without severe loss of 

accuracy. 

Pressure 

Wid th of Contac t 

Figure 42. Typical Computer Solution of the Pressure Distribution in an 
Elastohydrodynamic Contact. (The Hertzian pressure distribu­
tion is shown for comparison.) 
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The pressure rise ahead of the contact often represents a 

significant contribution to the generated normal load. The viscosities 

in this area are low due to the near exponential pressure viscosity 

relation for the lubricants. The film thickness increases furthermore 

rapidly outside the contact area so that the net contribution to the 

total traction force will probably be considerably smaller than the con­

tribution from the contact area itself. 

Experimental investigations of pressure distribution for rolling 

contacts have been conducted. Figure 43 shows typical examples of 

reported measurements. 

The measurement technique and the lubricants vary widely. The 

pressure profiles characteristically do not have many details in common. 

The maximum pressures measured are, however, of the same magnitude as 

the Hertzian maximum pressure. 

The pressure transducers and the applied data reduction technique 

in these investigations can be evaluated to possess sufficient accuracy 

and selectivity to record the actual pressures. Unreported quantities, 

such as lubricant characteristics, solidification, etc., can, however, 

influence the recordings, particularly with respect to a diminishing 

of maximum pressures. 

It will be shown in the following that the influence of pressure 

gradients on the shear stress is very small for the contact region with 

high pressures, high viscosities, and high shear stresses. It is assumed 

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

the gradients of the Hertzian pressure as experienced and shown in 

Figures 42 and 43. The Hertzian pressure distribution is therefore chosen 
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150rev/inin-47-l in/sec 
1000 rev/min-314 in/s 

292 SI? 

Broken lines are Hertzian contact pressure distributions 
according to calibration. The pressure profiles are cor­
rected for temperature effects. Load 1000 lb/in, Acme 
H oil. 

Effect of rolling speed on pressure - 50 and 1000 rev/min 

From Cheng, H. S. and Or cut t., F.K. fA correlation between 
the theoretical and experimental results on the elastohy-
drodynamic lubrication of rolling and sliding contacts', 
Proc Instn Mech Engrs 1965-66, Vol 180 Pt 3B, page 164. 

» HERTZ PRESSURE PROFILE 
t 
I 

Circumferential 
30 distance - 103 in 

Preliminary film-pressure profile obtained using averaging 
process. Ph = 100 000 lb/in

2. T = 175 °F. RS - 2520 ft/min, 
Lubricant: polyphenyl-ether. 

From Kannel, J.W. 'Measurements of pressures 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 Elastohydrodynamic Contacts. 



disk surface/mm 

From Hamilton, G. M. and Moore, S. L., Deformation 
pressure in an elastohydrodynamic contact. Proc. 
Soc. Lond. A. 322, 313-330 (1971). 

Rolling disks. 26.9°C 184 cp. 

Figure 43. (Continued) 
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as a representative case for the elastohydrodynamic film in the 

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, with an axisymmetric pressure distribu­

tion. 

The Shear Stress in the Film for an Elastohydrbdyrtamic Point Contact 

The assumptions of Table 10 Chapter IV, are assumed, except 

assumption 3 which is changed to p = p(x-). The lubrication situation 

is the same as the situation of the preceeding Chapter IV. The Figure 39 

of Chapter IV, which shows configuration and coordinate orientation, is 

reproduced here. The Table 10 of Chapter IV, Assumptions, is also 

reproduced however with assumption 3 changed to p = p(x..), 

The reduction of the equation of mass conservation and the energy 

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

p = p(x-). The equations of motion are reduced to 

p,r = (n(u1,3))J3 (1) 

I n t e g r a t i o n of equat ion (1) g ives 

p J ; Lx 3 = nu- j , 3 - c5((UN),p>;L) (2) 

If one assumes that the constant c_ can be written as 

c5 = -p>;L h/2 + T(UN) (3) 

where T(UN)I: n = 0 then equation (2) converts to 1 UN=0 
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x 3 •>» h ' / / / ' / / & » • / , / / 2 T 

3* 3 

u, 

Viscous Lubricant 

F(ri,T,q(p),E(p)) » 0 

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

Coordinates with 

dimensions: 

Dimensionless coordinates 

> x-

w ,1K 

v. 

y 

V 

UH 

•*• x 

u 

Figure 44* The Lubrication Situation, Flow of a Viscous Lubricant 
between Parallel Bearing Surfaces. 



Table 12. Assumptions. 

1. Steady state conditions. Laminar flow 

2. u = u1(x3) only; u2 - 0; u3 = 0; ^(0) = 0 ; u^h) = (UN) 

3. p = pCx^ 

4. Body forces are zero. 

5. T = T(x ) only; T(0) = T = constant; T(h) = T = constant. 

6. P = p(x2,x3) 

7. cv = cv(x2,x3) 

8. kfc = kt(x1,x2) 



148 

T = P>1(x3-h/2) +-T(DN) (4) 

which satisfies equation (1). 

Equation (4) shows that the local shear stress is a linear com­

bination of a term dependent only on the pressure gradient and a term 

dependently only on the velocity (UN) of the sliding bearing surface. 

An integration of equation (4) with respect to x_ from inlet to 

outlet shows that the contribution from the pressure gradients to the 

total traction is zero in a parallel plate configuration. The effect 

of the presence of pressure gradients is therefore primarily an influ­

ence on the assumed condition u-,- = 0. 

An investigation of the relative magnitude of the two shear 

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

shows that the term dependent on the pressure gradient is very small 

compared to the term dependent on the velocity of the sliding wall. 

The chosen Hertzian pressure distribution, which is selected as 

a representative case for the elastohydrodynamic film over the major 

part of the contact area, is described by 

(p/pm)
2 + (r/a)2 = 1 (5) 

where r = x- or by 

p/pm = p == (l-p2)1/2 (6) 
m 

where p is the maximum Hertzian pressure, a is the radius of the point 
m 

contact, p = r/a and p = p/p «, The pressure gradient is 



149 

p. = -(p /a)p(l-p2)"1/2 or p, = -p(l-p2)"1/2 (7) 
r m P 

A typical value of the gradient of p, is p, s 10 psi/inch obtained 

-3 
for the conditions p = 150 kpsi, a = 7 x 10 inch and p = r/a = 1/2. 

m 
(The more accurate value of p, for this example is 1.24 x 10 psi/inch.) 

• v 

In that 

W = p a2
 2TT/3 a = (WR^A3/4)1/3 (8) 

where W is the bearing load, R, is the equivalent radius of the con­

tacting surfaces (R7 = R- + R ' ') and 

A = (l-a2)/Ei 1=1,2 (9) 

then 

pm/a = 2/irR̂  A (10) 

The ratio between the Hertzian normal stress and the radius of 

the contact depends thus on the effective radius R and material con-
b 

stants a., E. only, but not on the bearing load. 

If one defines 

H = h/R and U = c^lMj/R Ef (11) 

where 

E' = 2/A (12) 

then the ratio TT between the two shear stress terms of equation (4) 



150 

TT = p M (x,rh/2)/T(DN) (13) 
a 1 • 3 

becomes 

TT = (H2/ir-U)(p,_)(z - l/2)/ir (14) 
a D p 

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

Equation (14) shows that the magnitude of the ratio IT between 

the two stress components is determined primarily by the dimensionless 

numbers H, U, and TT,. over the major part of the contact area. 

Figure 45 shows that the magnitude of the dimensionless pressure 

gradient is limited to a factor of about 2 for p less than approximately 

.9. The pressure curve shows that the Hertzian pressure at this loca­

tion is only about 40 per cent of the maximum pressure. The pressure 

decreases rapidly and the deviation of the actual pressure (Figures 42 

and 43) from the Hertzian pressures increases with further increase in p. 

The viscosity decreases very rapidly in the region p > .9 due to the 

near exponential pressure viscosity dependency of the lubricant. The 

value of TT will therefore expectedly increase rapidly for p > .9. 

The pressure gradient p (part of equation (14)) is less than 
P 

2.06 if p is less than the selected value .9. The numerical value of 

the term (z - 1/2) of equation (14) is furthermore less than or equal 

to 1/2. 

The numerical value of the ratio TT is therefore 
a 

where the factor .328 is -{2.06/2TT) *" 



151 

.1 12 

Fi§tif§. 4Si Bia§fi§i§ial§§§ Pf§§§uf§ aai ??§§§\i?§ ©faiifcafc 
§i § taigian @@ala§lj 



152 

The Ratio TT in Actual Lubrication 
oe—;—;—! — — 

The ranges of H- TT5 and U are 

Hi 5 x 10~6 - 50 x 10 6 inches 

TT5: 5 x 103 - 105 

-13 -14 
U: 10 - 10 

-2 
when the range of u is 10-100 ips. The range of IT Q is 1 x 10 - 1 

x 10"1,; 

The results of the traction measurements (39) , (jS6) , (67), for 

23 synthetic and non-synthetic unmixed lubricants have been used to 

investigate the range ofTr in actual experiments. Table 13 shows the 

range of the upper limit for TT ... The values of TT n are seen to be 
a. 9 a.9 

generally only a minor fraction of 1. When TT << 1, then 

P,1(x3-h/2) = Cnulf3) « T(DN)-- (nui-,3)8l (16) 

where p, symbolizes pressure gradient and si symbolizes sliding. 

Equation (4) rewritten is 

u 1 > 3 = ( I / T I X T I ^ ^ ) ^ +' ( u 1 > 3 ) s l (17) 

which states that velocity changes due to the pressure gradient are « 

velocity changes due to the sliding velocity (UN) at any x^ location 

when TT « 1. Equation (17) states further-more that velocity changes 

are independent of x.. or x ? location in the film when x« = h/2. 

Therefore 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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Table 13. The Ratio TT between Shear Stress Generated 
by The Pressure Gradient and The Shear Stress 
Generated by The Sliding Motion. 

Fluid 13.7 27.4 54.8 ips 

Per cent 

FN 2961 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 .4 1.2 2.9 
Naph. Min. Oil 2.1 3.2 6.9 
Synth. Para. Oil 4.5 9.0 15.0 
DN 600 + Add. 1.0 1.4 3.3 

Siloxane 1 .4 .5 • — 

- • 2 5.7 10.6 -
- 3 1.2 2.5 -
- 4 3.3 5.5 -
- 6 4.2 7.8 -
- 7 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 ... -
- I .3 »6 -
- J 1.6 2.6 . • ' - • • • 
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configuration for radius p less than approximately .9. Equations (1) 

and (2) may thus be approximated with 

0 = (nCu^)}, (18) 

and 

T = T(UN) (19) 

to the extent that p,- can be disregarded (when TT << 1). Equations 
, J. o» 

(18) and (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 Figure 43 with 

p,-i ̂  0 wherever the condition TT << 1 is satisfied. 

The pressure Gradient p,« 

The assumption 3 of Table 10 can be expanded to p = p(x ,x ). 
x ^ 

The gradients p, and p, 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 

pressure-high traction center area due to the containment effect of 

the restrictions at the exit and at: the sides. The velocity changes 

due to the gradient p,« is thus of the same order of magnitude as the 

velocity changes due to the gradient p,-. and can also be neglected 

when TT << 1. This implies that the velocity n can be approximated 

with zero. 
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The Pressure Gradient p,,. 

The assumption 3 can be expanded further to p = p(x- ,x„,x«,) . 

The equation of motion in the 3 - direction is then reduced to 

p>3 = ^('ui»3»»i
 ( 2 0 ) 

or 

P,3 = n . ^ ^ (21) 

The expansion to p = p(x ,x-,x ) implies that p,.. = p, (x ). 

The pressure gradient p,- is however only a weak function of x_ in an 

actual film. The expression p,. ̂  p, (x ) can therefore be assumed to 

be a realistic approximation. Equation (1) can thus be integrated to 

equation (2) also when p = p(x1,x2»
xo) assuming p, £ P»-(x ). 

The viscosity changes several orders of 10-magnitude during the 

passage in the x- direction of the lubricant through the contact. 

3 Typical values are 1 Reyn/inch near the stationary wall to 10 Reyn/inch 

near the moving wall. The corresponding shear rates are typically 

10 sec to 10 sec . The pressure gradient p,~ is thus of the same 

magnitude as p,- (10 psi/inch). The gradient p, 'does not vary greatly 

in the x« direction as the example of typical values of viscosity 

changes and shear rates indicates. Its effect is to create slightly 

different pressures on the moving wall from those on the opposite sta­

tionary wall. The pressure difference is of a magnitude of 10-100 psi. 

The difference has the same sign as the sign of p,-. The net effect 

on the load carrying is therefore zero for a Hertzian pressure 
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distribution. The pressure gradient p, does not influence the 

velocities. 

It can be summarized that: the pressure gradients p,- p,„ p>3 

do not influence the simple flow situation that was assumed in Chapter 

IV provided the condition IT « 1 is satisfied. This implies that 

the velocities can be approximated with u = u« = 0 and u- = u-(x„). 

The Effect of the Temperature Gradients T,. and T,„ 

Incompressible Lubricants 

The assumptions for correct determination of shear stress and 

maximum temperatures are that temperature is a function of the x,, 

coordinate only, and that the wall temperatures are constant. The 

temperatures in an actual elastohydrodynamic film are also functions of 

the x- and x_ ordinates. The degree to which the condition: (T=T(x3>) 

is fulfilled is investigated in the following: 

The density of the lubricant varies less than approximately 5 

per cent during the passage through the high pressure part of the con­

tact. The case of incompressible liquid will therefore be considered 

first as a relevant approximation. 

The energy equation written out in its terms is 

cvp(T,t+uiT,i)= ( k ^ ^ ) ^ + $ i = 1,2,3 (22) 

The condition of steady state eliminates the term T, . Measure­

ments of film temperatures in elastohydrodynamic point contacts (68), 

(69), have shown that the temperature differences (AT) found in the 

x1-direction at any given x« level are of the same order of magnitude 
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as the temperature differences over the film. This therefore states 

that 

0(T,3) = (a/h)(0(T,r)) 

where 0( ) symbolizes: The order of magnitude of ( ) 

Further (kt(T,3)}>3] - (a/h)2^0{ktC£9l))9l 

(23) 

C24) 

Axisytnmetry of elastohydrodynamic point contacts justifies the further 

statements 

•0(Ttl) - 0(T,2) " Q[iT91)91) = 0((T,2),2) (25) 

The increase in temperature Tiis typically in the range 100 - 200 F. 

The condition TT << 1 may be interpreted as 

0(u2) = (h/a^OO^)) (26) 

For non-sliding conditions: 

0(uj = (h/a')(0(O) (27) 

Equation (27) is however justified also for sliding conditions. 

Application of the principle of superposition for sliding condi­

tion, validated, for example, at equation (4), then leads to 

0(u3) - (h/a)
2(0(Ul)) (28) 

Equation C22) can thus be rewritten as 
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(1/K) (0(u1))(b(T,1))(l+2h/a) = 0(T,33)(l+2(h/a)
2) .+. */kfc. (29) 

where K = k /pc and k is constant. 
t v t 

-3 
The ratio h/a is of a magnitude of 10 . The equation (22) can 

therefore be approximated with 

(I/IOUJT^ - T,33 + -»/kt (30) 

without significant loss of accuracy. 

$ = n(u 1>3)
2 (31) 

Nondimensionalization of equation (30) gives 

TT.U6, = 6, + 2n-.it Fu-9 C32) 
3 x z;z 4 5 z 

where 

Ug = h2(UN)/<a and 6, = T, a/E (33) 

The boundary conditions are 

u(0) = 0 6(0) = TT 
1 

U(l) = 1 6(1) - ^ 

(34) 

as before. 

The convection term of equation (32) can at some locations in 

the film be considerable compared to the terms 19, | or 2TT TT_U, . An 
Z Z '*f 3 Z 

evaluation of the influence of the convective term on the velocities in 

2n-.it
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the film can therefore not be performed easily. A lower and upper 

bound for changes of film temperatures and velocities can, however, 

be established in terms of the relative magnitude of the convection 

element of equation (32). 

7T and u of the convective term are positive. The temperature 
P • • • 

gradient 9, has extremum approximately for p± 1/2. 0, is positive 

ahead of the center of the contact and negative after the center. It 

does not vary considerably in the direction perpendicular to the film. 

TT.TT- and u, are positive and 9, is in general negative. The numeri­

cal values of the terms 69 and u, are both great near the stationary 

hot surface and small at the sliding cold surface. 

The velocity u is the only factor in the convection term which 

varies considerably. The velocity u is zero at the stationary wall 

where 9, and u, are of great magnitude. The convection term is 
zz z 

therefore not significant near the stationary wall (0<Z<<1). The value 

of u is at its maximum for z = 1 at the moving wall, where the terms 

9, and u, have their smallest numerical values. It is therefore 
zz . • z 

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 0, = 0 are fulfilled. 
xx 

Integration of equation (32) yields 

z p z 

e , J + 27r.7r,.u = TTQ 6, udc (35) 
C 0 4 5 3 J Q x 

when IT << 1. 
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The case of adiabatic conditions at the stationary wall is a 

particularly important and simplified situation. This situation alone 

will be considered. The gradient 0, does not vary considerably over 

the film thickness. It can thertsfore be approximated with the maximum 

value 6, without appreciable loss of closeness of the upper and lower 

bounds. These two considerations change equation (35) into 

e,z + 2V5u = y^ACz) (36) 

where 

A(z) = J u(c)dC (37) 

Reorganization and integration from 6 to z yield 

I -*-£• + 2u, 
yirit / £ u 

"B 6 ' X M 

2TT. ir,. 
A(C) d? V 0 (38) 

or 

2 - FZ 

Su(e,iT10) + u - 2D J u, A(c)d£ = 0 
(39) 

where 

D-I^f 
V52 

(40) 

and ir _ is the temperature at the stationary wall when D ̂  0. A quan­

tity A (z) can be defined such that 
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A(z) = l/u(z) f u, X(c)dc (41) 
m J.Q 'C 

Equation (39) converts therefore to: 

SU(6,TT ) + u'"-2DA (z)u = 0 (42) 

from which: 

'-2,2, x 0 /fl xU/2 
u=DA m(z) + (5V(z) - Su('efTrl0))

i/z (43) 

as 6, < 0 in z[0,l]. Equation (43) yields (when z=l) 
z 

1 = DA (1) + (D2A2(1) - Sa( ir 9 > 1 r i n ) l 1 / 2 - (44) 
m *• m JL i u ' 

The corresponding expressions are 

UJJ = (-SuCe,^))172 (45) 

1 = (-SuC^,^))172 (46) 

when convection is disregarded. Equations (44) and (46) show that 

ir-, > 7T-.Q when D > 0 (47) 

IT, < ir10 when D < 0 (48) 

and 

2DAm(l) = Su(tr1,7r10) (49) 

neglecting terms of 0(D). 0(A (1)) = 1 
m 
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From equation (49) it can be seen that 

1 
4ir,DA (1) * 
4 m 

(l/y(7r]Q)) + (l/yt^)) ( 7 r r 7 r io ) ( 5 0 ) 

This equation determines the approximate temperature difference (n-—n-n) 

from the case, when convection is disregarded, expressed in terms of D 

and an easily evaluated upper bound of X (1)* 
m 

X (z)u(z) =J u, X(c)dc = (u(C) J u(C)dc)| -J u2(C)dC (51) 
0 ^ 0 0 

A typical maximum value of the temperature difference TT.. - TT _ = ATT 

can be evaluated by assuming that X (1).__„ = 1- The orders of magnitude 
m max 

of TT, , D, and y(ir ) are in the case of a relatively thick elastohydro-

dynamic film (h ~ 30 y inch, u ~ 50 ips) where the possible distortion 

effect from the convection term on the velocities is greatest: 

0(TT4) -10" 5 

0(5) ••= 10"2 

0(y(TT1)) « 10
: 

The order of Air., thus becomes 

0<ATT ) - 10"4 

The order of the temperature difference AT therefore becomes 

10"4 x 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 
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stationary wall is thus not significant. 

Velocity Changes Due to the Convection Term 

A velocity u_ can be defined as 

9 

u, -'(-Su(9,-irln))
1/2 - ((-I/TT,) J y ( O ~ 1 d 0 1 / 2 (52) 

•LU * ""lO 

Equations (43) and (45) then give (9, > 0) 
x 

i^ + DXm(z) < u < DXm(z) + (D
2A2(z) + 4 ) 1 / 2 (53) 

When z = 1, then from equation (49), (45) and (52) 

u2(l) _ u2(l) = 2DXm(D (54) 

or 

1 - u£(l) = 2DXm(l) (55) 

uL(l) can be approximated with 1 - DXm(l) which then gives 

.1^(1) -Uj.d) - DXm(l) (56) 

When z ̂  1 

\-\< 5y« <") 

which g ives (from equat ion (53)) 

DX (z) - DX (1) < u - ULT < 2DX (z) (58) 
m m H """ m 
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in t h a t 

DA 
: 2 , 2 , N ^ 2>l /2 

m ( z ) + U H * F V Z > + O (59) 

The v e l o c i t y d i f f e r ence u - u^ i s t h e r e f o r e 

- D A ( 1 ) < u -u__ < 2DXC1) (60) 
m H m 

A maximum value of A (1) may be estimated considering the maximum 

velocity profile u = 1. This profile can be described by u - lim z 

(n -* 0). A is then A (z.n). and 
m m 

A (l,n) = n/(n+l)(2n+l) (61) 
m 

lim A (l,n) = 0 (62) 
m 

n -v 0 

The maximum velocity profile does thus not give the upper bound for 

A (1). This result can be obtained also from equation (42). 

The minimum velocity profile u = 0 described by u = lim z (n -v <») 

gives 

lim A (l,n) = 0 (63) 
m 

n -> oo 

An estimate of the order of magnitude of the maximum value of 

A (1) can be obtained under the assumption that the expression u = z 
m 

describes the actual velocity profile adequately. With this assumption 

A(l,n) = .173 (64) 
m max 
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obtained for n = 2 . The velocity difference u - u is therefore 
H 

bound by the inequalities 

-.18 D < u - uR < .35 0 (65) 

• — _ ? 

The factor D is typically about 10 in a moderate loaded elas-

tohydrodynamic contact. Distortion of the flow is insignificant and 

can be disregarded in an approximciite treatment of the traction in the 

high pressure area of the contact. Then u, = u(x„); u = 0 ; u = 0; 

provided the condition 0(D) < ' 10"̂ " is satisfied. 
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CHAPTER VI 

DISCUSSION AND CONCLUSIONS -'EXPERIMENTAL WORK 

Fluid Measurements 

The high shear stress characteristics as well as low shear stress 

characteristics have been investigated for five well defined represen­

tative lubricants comprising synthetic hydrocarbons, a silicone oil and 

a high concentration blend of a high molecular weight viscosity index 

improving polymer in a straight mineral oil. The range of applied pres­

sure levels was typically from 20 kpsi to 100 kpsi. The applied temper­

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 applied ranges of pressure level and temperatures. 

The low shear pressure temperature viscosity characteristics for 

the investigated hydrocarbon lubricants all show decreasing pressure 

viscosity exponent a as function of pressure and temperature, where a 

is defined as the slope (Inn), (in a Inn—p presentation) of the vis­

cosity pressure characteristic at any p,T. Presentation in lnlnn-lnT 

diagrammatic form shows characteristics tending to approach a straight 

line configuration with nearly constant slope for each hydrocarbon lubri­

cant. 

The siloxane also shows decreasing pressure viscosity exponent 

with increasing temperature. The exponent a decreases with increasing 
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pressure however only in the range up to 20-60 kpsi. The exponent for 

siloxane increases thereafter with further increases in pressure level 

and at an accelerating rate. This behavior is similar to the behavior 

of the silicone oil investigated earlier, Dow Corning "550 Silicone," 

Sample 53-H of the Pressure Viscosity Report ASME 1953 (2). 

The viscosity level of the lubricants is of the order of 20 cp at 

atmospheric pressure and room temperature except the level for one syn­

thetic hydrocarbon which has a base viscosity of about 700 cp and the 

viscosity level for the polymer blend which has a base viscosity of about 

1000 cp. 

The high shear stress investigation was conducted with capil­

laries of length to diameter ratios 14.9 and 1.35, capillary 1 and 
. , • • . ' • i 

capillary 0 respectively. The viscosity level during the measurements 

was 10"* - 10^ cp which was achieved by adjusting the operational temper­

ature for each lubricant in question and applying pressure levels in the 

range up to 50 kpsi. The maximum obtained shear stress, at the capillary 

wall, was in the range 500 - 700 psi (3.5><107 - 4.8*107 dyn/cm2). The 

3 applied pressure drop was in the range about 10 psi to above 10 psi. 

The flow curves, viscosity as function of shear stress plotted in a 

lnr-lnri presentation, show constant viscosity independent of shear 

stress for small applied pressure drop, less than approximately 250 psi, 

for all the unblended lubricants. The viscosities measured at low 

pressure drop are consistent with the results of the low shear stress 

measurements. The flow curves show an apparent viscosity decrease with 

greater pressure drop than about 250 psi. The measured apparent vis-^ 

cosities deviate from the low shear stress constant viscosity at an 
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accelerating rate with increase in pressure drop. The flow curves for 

all the unblended lubricants, measured with both capillary 1 and capil­

lary 0, can be shown to be mutually congruent within a margin of estimated 

experimental error. The measurements can thus be described with one and 

only one standard flow curve displaced at locations along the shear stress 

axis, corresponding to the L/D of the capillary, and along the viscosity 

axis, corresponding to variations in viscosity level. The flow curves 

obtained with capillary 1 show a deviation from constant viscosity char­

acteristics in shear stress ranges and shear rate ranges where capillary 

0 measurements show constant viscosity. This observation excludes 

shear thinning effects as an explanation of the deviation from constant 

viscosity characteristics measured with capillary 1 (the viscosity is 

measured to be constant in the range of capillary 1) and emphasizes 

dissipation heating as a primary mechanism in the formation of the devia­

ting flow curves. The identical configuration for flow curves obtained 

with capillary 0 and capillary 1 suggests that shear thinning effects 

can be excluded and that dissipation heating can be assumed as explana­

tion of the deviation from constant viscosity also for capillary 0 meas­

urements. 

Analysis of Heating Effects in Capillary Flow 

Heat Conduction Absent 

Analysis of dissipation heating of the flow shows that the local 

temperatures in the lubricant depend on pressure drop and specific heat 

capacity per unit volume of the fluid alone in the case of no heat con­

ductivity in the fluid. The temperature distribution is a function of 
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position in the capillary cavity and is proportional to zr /(R2 - r ) , 

where z is axial position, r the radial coordinate and R radius of the 

circular cross section of the capillary. 

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 lnx-lnn presentation, independent of capillary 

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 experimental observations. 

Heat Conduction 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 

with distance from the entrance. The increase is however not propor­

tional with axial position. A heat balance shows that an appreciable 

part 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 

flow curve based on the calculated temperature distribution for heat 

conduction present resulted in a configuration very nearly congruent with 
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the experimentally obtained standard configuration for the flow curves. 

The calculated flow curves for two model fluids similar to a hydro­

carbon and a silicone oil from the investigated test fluids were found 

to be positioned in nearly the same location as the measured flow 

curves. The relatively insignificant amount of heat conducted away 

explain the mutual consistency of the experimentally obtained flow curves 

and also the consistency with the calculated flow curves. It can be 

concluded that dissipation heating is the only mechanism active in 

establishing the observed deviations of the flow curves from constant 

viscosity in the investigated range of parameters. The ratio 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 

lubricant operates under conditions of constant temperature. 

Evaluation of Boundary and 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 significantly. Maintenance of an isothermal wall is thus of less 

importance for short capillaries than for long capillaries, Gerrard, 

Steidler and Appeldoorh 1965 (11). A well defined uniform temperature 

at the inlet is however of great importance. Both conclusions are con­

sistent with experimental observations. 

Evaluation of the Effects of Variations of 
Capillary Dimensions 

The small conduction effect makes it unlikely 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 

—3 diameter 3.5 x 10 inch. Furthermore smaller L/D ratios which are 

desirable in order to obtain higher shear stresses for a given pressure 

will then imply a capillary length less than .5 x 10 inch. Such a 

capillary, when built, would have to sustain a pressure drop of more than 

3 
10 psi and would possibly exhibit questionable durability. The shorter 

capillary length will furthermore imply substantially shorter resident 

times for the fluid in the capillary which will tend to counteract tlie 

improvement in the conduction effect gained by decreasing the capillary 

diameter. 

Increase of the ratio of capillary diameter to capillary 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 - 4 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 

than the present D/L ratio of .74 (L/D =1.35) used in capillary 0. The 

pressure drop outside the capillary will however prevent 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 achieved when the. capillary, in the limit (when L/D -*- 0), 

converts to an orifice configuration. The asymptotic value is rela­

tively high compared to previously used capillary arrangements. 

An orifice configuration, characterized by L/D -*• 0, is not real­

istic but a sturdy capillary can be built with the ratio D/L in the 

range 5 - 10. Shear stresses at the wall will then be about 40% to 

about 50% of the total applied pressure drop. The possibility to obtain 

a shear stress of about 2 kpsi at the capillary wall seems thus to be 

present. 

Non-Liquid Behavior 

The non-blended lubricants showed liquid behavior in most of the 

measurements. Non-liquid behavior is percejptible as a significant degree 

of scatter of the data points and a grouping of the data points in an 

apparent meaningless pattern positioned at higher viscosities than the 

corresponding flow curve. The position of the data points deviates gen­

erally less than 1 - 2% of the viscosity values of the flow curves when 

liquid conditions are present. 

The siloxane investigated showed non-liquid behavior in the form 

of solidification. The conditions were pressures above 50 kpsi and room 

temperature, 75°F. Solidification could be generated by initiating flow 

in the tubes and the capillary. Traces of possible non-liquid behavior 

were observed also at lower pressure, 40 kpsi, in the shear stress range 

above approximately 1.5 x 10 dyn/cm^ (-220 psi). Silicone oils do not 

readily create elastohydrodynamic film thickness sufficiently great 

according to existing theory. The observation of a non-liquid behavior, 
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possibly shear induced, is of some interest in this respect. 

Shear Thinning Behavior of the Polymer Blended Mineral Oil 

The fluid consisting of a blend of polymer and mineral oil shows 

pronounced non-Newtonian behavior. A shear thinning effect reduces the 

viscosity approximately 2.5 times when the shear stress increases from 

2 2 L ? 

about 10 dyn/cm to 10 dyn/cm . The two viscosity levels can proba­

bly be characterized as the first and the second Newtonian viscosity 

level respectively. The reduction of viscosity is nearly constant in 

the investigated temperature range 75 - 190°F. The flow curves show 

however increasing viscosity again with further increase of applied 

shear stress. The viscosity increase is of the order of 30% above the 

second Newtonian viscosity level when the;applied shear stress is about 

3 x 10 dyn/cm • (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 conditions equivalent 

with a situation far before the inlet to the elastohydrodynamic contact 

area. 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 

be 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 lower 

for most of the available blended oils than for the polymer blended test 

fluid. This suggests greater range of pressure and shear stress before 
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non-liquid behavior sets in for 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 p sec to about 

10 y sec. The relaxation time for a lubricant with a viscosity of 

103 - 10 cp is of the order 3 x 10~3 to 3 x 10~2 y sec respectively 

(30). The relaxation time at this viscosity level is thus 10^ to 10** 

times smaller than the lowest resident time. Time dependent phenomena 

in the fluid behavior 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 considerably larger than the smallest resident 

time of about 4 y sec in a capillary. The speed of the sliding surface 

is a nearly accurate measure of the resident time in the 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 10 * inch. A speed of 10 inch/sec yields thus a resident-time 

3 2 2 
of 10 y sec as a speed of 10 inch/sec yields 10 y sec. These times 

are well within the range of 4-10 y sec for the capillary resident 

times in high shear viscometry as presented in this work. The viscosi­

ties in an elastohydrodynamic film can reach a level of 10 cp in lamina 

near the colder sliding surface. The relaxation time is about 3 y sec 

under these conditions. This time is however also relatively small com-

7 3 
pared to a resident time of 10 to 10 y sec. Therefore time dependent 
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phenomena do not appear as mechanisms of major importance in explana­

tion of traction, pressure distribution or film thickness. 

Conclusions 

The experimental investigation has shown, that-'the pure hydro­

carbon test lubricants display Newtonian behavior up to a shear stress 

of 700 psi. A shear stress of 700 psi is only a factor of 3 to 5 below 

the actual average shear stress the lubricant experiences during passage 

of the high pressure zone of an elastohydrodynamic contact, Figure 30, 

Chapter II. High shear stress capillary viscometry is thus not far 

from the possibility to create elastohydrodynamic lubrication 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 limit of attainable shear stress in capil­

lary viscometry from the present level of about 700 psi to possibly 2 

kpsi. 
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CHAPTER VII 

DISCUSSION AND CONCLUSIONS - THEORETICAL DEVELOPMENTS 

A New Theory for the High Pressure Area of an 
Elastdhydrodynamic Contact 

Prediction of the Maximum Temperature and the Shear Sttess in 
the Film 

A theory has been developed for an elastohydrodynamic film in a 

plane parallel bearing surface configuration for prediction of the maxi­

mum temperature and the shear stress. The development is based on the 

energy equation for the film reduced such that only the major contributing 

terms of viscous dissipation and conduction perpendicular to the film-

plane are considered. 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

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, measure­

ments or independent calculation according to existing experience and 
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theory. The temperature T« of the moving surface is an input parameter 

primarily for the determination of shear stress arid must as such be 

known. Information about the temperature T« must be obtained from 

other sources. The temperature may be calculated from the shear stress 

distribution. It 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 

It is shown that there exists a plane parallel to 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 comparison between the neglected term for convection in the 

direction of sliding cp u T, and the dissipation term nu, shows that 

the ratio of convection to dissipation with actual bearing quantities is 

of the order of 1% 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 

2 to radius, (h/r) , and is inversely proportional 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 in 

many cases of the same magnitude for both elastohydrodynamic lubrication 
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and thick film lubrication. The ratio h/r is of the order of 10 vin 

elastohydrodynamic lubrication whereas it: is of the order of 10 in 

thick film lubrication. The convection term is thus many times greater 

in thick film lubrication than in elastohydrodynamic lubrication. 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. 

Applicability of the Theory to Actual Elastohydrodynamic 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 force is generated in the high pressure zone of the contact. 

It is shown that the actual pressure gradients, temperature gradients in 

the direction of the film plane and the density variations in the film 

each causes only insignificant distortion of the assumed one directional 

velocity within a radius of the high pressure zone of approximately 90% 

of the radius of the Hertzian contact. The distortions can be a change 

of magnitude of the velocity or the addition of a small deviation velocity 

perpendicular to the direction of sliding. It is shown that the magnitude 

of 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,, 5%, originates from estimated 

inaccuracies in determination of the actual film thickness. The maximum 

value of the distortion occurs at: different locations in the film thus 

tending not to amplify each other. The l€»vel 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 example of a film calculation is shown in Appendix G. The use 

of the dimensionless graphs is demonstrated. A dimensioned computer 

program is applied which yields detailed print-out for the bearing 

film parameters of interest. The local shear stress and temperature 

distribution is calculated at a series of representative locations in 

the high shear, high pressure area of the contact. The total traction 

from that area is found by integration of the shear stress distribution. 

The result is plotted, in Figure 54 of Appendix G. The traction is cal­

culated for a series of sliding speed but for constant normal 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 dimensionless shear stress, equation (30), Chap­

ter IV, increases with lower speed. The film thickness decreases with 

speed. The net effect is that the shear stress varies inversely pro­

portional with sliding speed. Figure 55 of Appendix G shows the calcu­

lated traction 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

able data points). These preliminary results can be regarded as 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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experimental data. The extrapolated viscosities employed are from the 

pressure range 100 kpsi to 150 kpsi. Some inaccuracy in the estimate of 

viscosity and thereby in local shear stress may be anticipated. The 

extrapolation assumes furthermore that the lubricant is a liquid in 

all locations of the film. It has been found that several types of lubri­

cants will solidify or at least show non-liquid behavior when exposed to 

pressures of the order of 100 kpsi, however, for a relatively long time, 

> 1 sec. Solidification of lubricants exposed to high pressures for 

short time durations, of the order of 102 to 1.03 usee, is not investiga­

ted to the same extent yet. There exists therefore a need for visco-

metric measurements of lubricants at the maximum pressures and the time 

durations attained in an elastohydrodynamic contact to assess the 

nature of possible solidification. 

Conclusion 

It can be concluded that the developed theory with the existing 

viscometric experience and data predicts the traction of the high pres­

sure area of the Hertzian contact with realistic accuracy. 
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CHAPTER VIII 

RECOMMENDATIONS FOR FURTHER RESEARCH 

This report has shown that further investigations in the pressure 

distribution immediately outside* the capillary cavity is desirable for 

flow situations where Re << 1. A solution will give information about 

the upper shear stress limit that can be achieved in direct high shear 

capillary viscometry. It is likely that the present upper limit of 

about 700 psi can be extended up to above 2000 psi which is the order of 

magnitude of average shear stress experienced by a moderately high vis­

cosity fluid, Appendix G, during passage through an elastohydrodynamic 

contact. A logical extension of the topic is the complete description 

in terms of pressures, fluid velocities and temperature distribution of 

the flow through a small L/D arrangement, Re << 1. The designation of 

this project would be: Viscous flow through an orifice. 

The thermal solution of the flow of a viscous fluid, Re << 1, 

through a conical tube section would be of great value in comparing with 

solutions to the above mentioned proposal, "The Viscous Flow through an 

Orifice." Millsapfs 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 

traction force contribution from the inlet of an elastohydrodynamic con­

tact to supplement the present investigation of traction force generated 

in the high pressure area of the contact. 
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An investigation of a possible non-liquid behavior of lubri­

cants is needed. This will involve increase with a factor of 2 to 3 

of the present limit of pressure level of high shear viscometry. It 

is logical to investigate also the influence of possible non-liquid 

behavior on the ability of the lubricant to create a sufficient elas-

tohydrodynamic film thickness. 

Possibly the most important work that should be carried out in 

order to properly understand traction force generation at low sliding 

speeds is an investigation into the minimum film thickness areas of the 

elastohydrodynamic contact. Temperatures higher than predicted by 

liquid behavior and load carrying capacity are being created in this 

area although optical film thickness measurements shows positive film 

thickness. The work could be based extensively on film temperature 

measurements. The work is important because reduction of the localized 

high temperature effect is expected to allow a substantial increase in 

the traction force which can be transmitted through a thin elastohydro­

dynamic liquid film. 
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APPENDIX A 

DESCRIPTION OF FLUIDS 

The table summarizes the investigated fluids and gives charac­

teristic data for each fluid. 

Experimental Fluids 

Diester-Plexol 201 bis-2-ethyl hexyl sebacate 

Dimethyl Siloxane DC-20Q-50 

Polyalkyl Aromatic plus additive 

Synthetic Paraffinic Hydrocarbon plus antiwear additive 

Paraffinic Base Oil R-620-12 plus 11.5* Polyalkylmethacrylate 

(MW « .2 xlO6). 

Characterization 

Diester 

Source .- Rohm and Haas Company 

Data supplied with the sample 

Viscosity at 210°F 3.32 cs 

Viscosity at 100°F 12.75 cs 

Viscosity at -65*F 7988 cs 

Viscosity Index (D-2270) 150 

Neutralization number (D-974) 0.02 

Cloud Point (D-2500)°F below -65 
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Data transferred from l i t e r a t u r e sour 

Heat conductivity at 10G°F 

37.8°-C 

Specific Heat per unit mass 

at 100°F 

37.8°C 

Density at T7°F 

25°C 

Specific Heat per unit volume 

Heat d i f fus ivi ty 

Data measured 

Kinematic v iscosi ty at 

Density 

.087 Btu/h ft °F (38) 

.0188 lbf/°F sec 

.0154 kp/°C sec 

0.46 Btu/lbm eF (38) 

0.46 cal/gramm °C 

4295 lbf in/lbm °F 

.0328 lbm/in3 

.91 gramm/cm (38) 

.01303 Btu/°F i n 3 

.416 cal/°C cm3 

139.5 l b f / i n 2 °F 

1.35 x 1 0 ' 4 in 2 / sec 

8.69 x 10"4 cra2/sec 

at 100°F 12.65 cs 

37.8°C 

at 210°F 3.33 cs 

98.9°C 

at 300°F 1.775 cs 

148.9°C 

at 100°F .903 gramm/cm 

37.8°C 
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3 at 210°F .86 gramm/cm 

98.9°C 
3 

at 300°F .825 gramm/cm 

148.9°C 

Viscosity at 100°F 11.41 cp 

37.8°C 

at 210°F 2.86 cp 

. 98.9°C 

at 300°F 1.46 cp 

148.9°C 

at 32°F 57.5 cp 

0°C 

at 10CF 130 cp 

-12.2°C 

Pressure viscosity at 32°F Z « .51 

Coefficient (Roelands) 0CC 

Elastohydrodynamic film thickness and traction data taken at 15 lbf load 

(150 kpsi peak Hertzian pressure) 1 1/4 inch diameter steel ball loaded 

against a sapphire anvil 

Sliding speed 13.7 ips 27.4 ips 

h (n-inch) .4 .8 

h (|i-inch) .4 .8 
m 

TC .046 .032 

' • ' • . • ' " i . 

Dimethyl Siloxane DC-200-50 

Source Dow Corning Corporation, Midland, Michigan, 

Data supplied with the sample 

54.8 ips 92.1 ips 

2.1 3 .3 

1«3 1.3 

„ .025 



Degree of po lymer iza t ion 

Data measured 

Viscosity 

Densi ty 

a t 77°F 

a t 100°F 

a t 210°F 

a t 300,:>F 

a t 77®F 

a t 100(9F 

a t 210°F 

a t 300°F 

43 

25°C 

37.8°C 

'98.9*0 

148.9°C 

25°C 

37.8°C 

98.9°C 

148.9,B,C 

Pres su re v i s c o s i t y c h a r a c t e r i s t i c : 

l0T ps i -1 

Roelands temperature viscosity slope index 

50 cs 48 cp 

41.5 cs 39.1 cp 

17 cs 15.7 cp 

8.6 cs 7.3 cp 

3 
.954 gramm/cm 

3 
.943 gramm/cm 

3 
.894 gramm/cm 

3 
.850 gramm/cm 

i* psi 
-1 

at 75°F 23.9°C 1.28 x 10" .98 x 10 

a t 100°F 37.8°C 1.36 x 10" 4 .96 x 10 

a t 210°F 98.9°C 1.53 x l O " 6 .96 x 10 

at 300°F 148.9°C 1.53 x ' l O " 4 .96 x 10 

-4 

-6 

-4 

-6 

.55 re atmo'spheric pressure. 

Elastohydrodynamic film thickness and traction. 

Data taken at 15 lbf load (150 kpsi peak Hertzian pressure) 

1 1/4 inch diameter steel ball loaded against a sapphire anvil. 

Sliding speed 13.7 ip's 27.4 ips 

hr(|A-inch) 

hm(jA-inch) 

TC 

2 

1 

.069 

3 

2 

.061 



Polyalkyl Aromatic plus additive. 

Source NASA Lewis Research Center, Cleveland, Ohio. 

Data supplied with the sample 

Kinematic v i s c o s i t y a t 100°F 37.6 cs 

a t 210°F 6.1 cs 

Data measured -('40) 

100*F 2 1 0 i » F 300°F 

37.8°C 98.9°C 148.9°C 

Viscos i t y cp (p «atm) 32.2 5.0 2.1 

4 - 1 • • a0T p s i 1.41 x lo- 4 1.39 x 10"4 -

« • -1 a* Psi 1.17 x io - 4 •88 x 10"4 -

Elastohydrodynamic film thickness and traction 

Data taken at 15 lbf load (150 kpsi peak Hertzian pressure) 

1 1/4 inch diameter steel ball loaded against a sapphire anvil. 

Sliding speed 13.7 ips 27.4 ips 54.8 ips 

hc(ji-inch) 3 4 8 

h (u-inch) 2 2 4 
m 
TC .055 .048 .042 

S y n t h e t i c P a r a f f i n i c Hydrocarbon (XRM 109 F4) 

Source NASA Lewis Research Center , Cleveland, Ohio. 

Data measured 

100°F 210°F 300°F 

37.8°C 98.9°C 148.9°C 

Viscos i ty cp 376 31.6 10.2 

a 0 T p s i - 1 1.52 x 10" 4 1.37 x 10" 4 l . l l x l O " 4 

a* p s i " 1 1.37 x 10" 4 1.04 x 10"4 .89 x 10" 4 

Z .44 .,46 .47 
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Synthetic Paraffinic Hydrocarbon plus Antiwear Additive (XRM 177 F-4) 

Source NASA Lewis Research Center, Cleveland, Ohio 

Data measured 

Viscosity cp 

-1 
'OT 
* 

psi 

100°F 210°F 300°F 

3789C 98.9°C 148.9°C 

37.6 31.6 10.2 

1.52 x 10" 4 1.37 x 10' -4 1.11 x 10" 4 

1.35 x 10" 4 1.07 x 10" 
-4 

.86 x 10~4 
a 

Z .44 .46 .46 

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 inch diameter 

steel ball loaded against a sapphire anvil 

Sliding speed 

hc(^-inch) 

h (u-inch) 
m 

TC 

Paraffinic Base Oil R-620-12 plus 11.5$ Polyalkylmethacryiate (MW«2.xl06). 

Data supplied with the sample 

Base oil R-620-12 

Sources Sun Oil Company 

Viscos i ty 33.33 cs a t 100°F (37«8°C) 5.336cs a t 210°F (98.9°C) 

SUS/lOO 156.2 SUS/210 43.74 

13.7 i p s 27.4 i p s 54 .8 i p s 

15 • -23: 30 

7 • 13; 19 

.058 .045 ,035 
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Viscosity index (ASTM D-2270.) 102 

Flash point 410°F 

Fire point 470°F-

Pour point 5*F 
• • ' . . ' ^ 

Refractive index 1.4754 

3 
Density gramm/cm .8596 

Molecular weight (MW) 401 * 

Polyalkylmethacrylate PL 4523. (PAMA) 

Source Rohm and Haas Company 

The polymer was in solution with a paraffinic base oil, a 150 neutral 

carrier oil similar to the base oil R-620-12. Their chemical com­

position are alike. They differ only in their molecular weight. The 

solution contains 19% polymer. It has a kinematic viscosity of 773 

cs re 210°F (98.9°C). The molecular weight is 4.51 x 106 as meas­

ured with a permeation chromatography method, GPCM. An estimated 

molecular weight of 2. X 10 is however found by extrapolating from 

viscosity and molecular weight data for lower MW polyalkylmethacrylates, 

MW « 1.28 x 106, .828 x 106 and .5 x 106. It is believed that the GPP 

technique is not suitable for materials with high molecular weights. 

The molecular weight of 2. x 10 determined with viscosity measure­

ments are therefore adhered to. The amount polymer reported, 11.5% 

is the volume concentration in the final solution. 

# 
Calculated from viscosity data using the method of A. E. 

Hirschler, J. Inst. Petroleum, 32, 133-61, 1946. 
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Data measured 

R-620-12 

Viscos i ty (cp) 

• • • ' • • 3 

Densi ty (gramm/cm ) 

100°F 

37.8°C 

29.2 

.849 

210°F 

98.9°F 

4 .5 

.809 

300°F 

148.9°C 

1.9 

.777 
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APPENDIX B 

MANUFACTURER'S SPECIFICATION ON THE 

VELOCITY TRANSDUCER 
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LVSYN TRANSDUCERS IM-LVSYN-4 

This Information Is prepared for: 
LVsyn Model No. _ J « _ k J L i -
Serlal No. . '. _ 
Working range Inches 

Inches 

Q3 Standard LVsyn 
see reverse s ide 

( 1 Non-Standard LVsyn 
see revereo s ide 

CALIBRATION CURVE OF YOUR LVSYN 

Maximum usable stroke 
Sensitivity ft ^ ^ millivolts per inch/second of velocity 

The Sanborn LVsyn transducer measures Unoar (straight-line) velocity. Each transducer cons i s t s of only two parts; a shielded 
cylindrical coll assembly, and a high coercive torce permanent magnet. The relative motion of the magnet and the coll generates 
a voltage, whose magnitude i s proportional to the linear velocity, and whose polarity Indicates the direction of motion. 

The LVsyn transducer features extremely rugged construction; there are no springs, levers, bearings, or other delicate mechan­
isms to get out of order. The LVsyn Is recommended for use with Sanborn instruments to measure motion, or as a control e le­
ment in a servo feedback loop. Tike LVsyn can measure displacement by using an integrating circuit, or acceleration by using a 
differentiating circuit. 

The magnet of this Sanborn LVsyn Is a precision element. To maintain the accuracy and reliability designed Into this transducer, 

observe the follow ng warnings: 

1. Do not subject the magnet to high external magnetic fields, er bring the magnet Into contact with any magnetic material, 
such as the shield on the coll . 

2. Do not handle the magnet roughly or try to bend the magnet. Do not drop the magnet onto a hard Surface. Non-
breakable magnets are available a s standard item; axm table. 

3. Lach magnet and coll Is a matched pair; keep each pair together. 

SENSITIVITY Depends on model used; s e e table. 

DIMENSIONS Depends on model used; s e e table. 

OUTPUT May be wired for single-ended or puah-pull operation, using the color coaed leads a s shown In the figure below. 
Parallel operation also possible at one-quarter the source Impedance valines given. 

_ . R ^ , ; 

i! (fe 
Crevnd t*»i» comw' 
(4ath«4! f«r ptwh-pwll 
load, rf d*t ir*d. 

> - -

Bitch 

CLCCTRICAL 
LOAD 

EQUIVALENT CIRCUIT An open-circuit voltage whose amplitude Is proportional to the Instantaneous velocity, and whose 
polarity indicates the direction of relative motion, In ser ies with the LVsyn internal impedance as shown In the figure above. 

For values of internal impedance of each model s e e table on reverse side. 

FREQUENCY RESPONSE Determined by the internal Impudence of the LVsyn in conjunction with the electrical load applied. 

EXCITATION None required; this Is a voltage-generating transducer. 

ACCELERATION Limited by maximum permissible s tress in magnetic core. 

MECHANICAL IMPEOANCE Practically a pure mass . '.See table. 

STABILITY Calibration i s reliable over life of unit, If magnet core Is not subjected to strong external magnetic fields or 

otherwise mishandled. 

ZERO ORIFT None; at zero relative velocity, the generated open-circuit output v o l t a g e i c a lso zero. 

OVERLOAD No damage if displacement limits are exceeded. 

DISPLACEMENT LIMITS Nominal Working Range and Maximum Usable 
Stroke depend on the model LVsyn used The table gives the values; 
the figure to the right defines the terms. 

OTHER MEASUREMENTS Can measure displacement with a simple integrating 
circuit, or can measure acceleration wtlh a simple dlffarontliiting circuit. 

TEMPERATURE LIMITS -50°F to+200°F. 

J ^ C N E T DRIVE From either end, from non-inaqneUc rod or shaft. 

pTJUNTINC Any position. Contact between the magnet and the Inside of the coil Is permissible. Mount the LVsyn so that the 
electrical centers g) of the magnet and the cel l coincide when the magnet Is at the mid-point of Its stroke (half-way between the 
most positive and the most negative excursions). This Insures that the center of the range of displacements i s at the center of the 
nominal working range. Find the point of coincidence by measuring the distance between tho end of the coil and the end of the 
magnet, using the dimensions given in the chart. Do not coniuse the two ends oi: the coll . 

CALIBRATION CURVE The recording at tho right l o a n actual record made with your transducer, with the magnet moving 
through the coll at a constant velocity. The central sect ion of this recording corresponds to the LVsyn output curve above. Re-
calibration service Is availablo at nominal charge. 



MODEL 
NUMBER 

NOMINAL 
OUTPUT 

• LECTRICAL 
IMPEDANCE 

MAGNET CORE 
DISPLACIUtENT 

COIL AND HOUSING MAGNET CORE MODEL 
NUMBER 

NOMINAL 
OUTPUT 

• LECTRICAL 
IMPEDANCE 

MAGNET CORE 
DISPLACIUtENT 

(•N'oftar 
modal No. 

SENSI­
TIVITY 
millivolts 

(col ls connected 
In aerloa) 

Inchon DIMENSIONS 
inchea 

WT. DIMENSIONS 
inchea 

WT. 

non-
braakabla 
cora) 

MV/INCH 
/SEC 

(open 
circuit) 

R 
ohms 

L 
hanrys 

Horalnol 

Verklng 

Roag* 

UamU 
fawn 
Umbra 
Stroke 

Cc "•c 

IOD). 
+.000 
- . 0 0 3 

(ID)C W 
w c 

Lm (OD)m 
±.002 

\ 
r 

• 
"d 

Wm 

3LVA5 120 2,000 0.085 0.50 1,30 1.405 3.16 0.374 0.136 20 2.38 0.125 1-72NF 3.5 
3LVA5-N 40 2,000 0.085 0.50 1.30 1.405 3.18 0.374 0.136 20 1.63 0.125 1-72NF 2.5 
3LV1 90 2,500 0.065 1.0 1.90 1.937 4.22 0.374 0.136 25 3.00 0.125 1-72NF 4.5 
3LV1-N 35 2,500 0.065 1.0 1.80 1.937 4.22 0.374 0.136 25 2.25 0.125 1-72NF 3.8 
6LVA5 450 8,000 0.9 0.5 1.50 1.426 3.23 0.623 0.200 63 2.50 0.187 4-40NC 8.0 
8LVA5-N 235 6,000 0.9 0.5 1.50 1.426 3.23 0.623 0.200 63 1.69 0.187 4-40NC 5.8 
6LVA8 500 11,000 1.4 0.80 2.10 2.062 4.50 0.623 0.200 100 3.25 0.187 4-40NC 10 
6LVA8-N 250 11,000 1.4 0.80 2.10 2.062 4.50 0.623 0.200 100 2.50 0.187 4-40NC 8.5 
6LV1 500 13,000 1.6 1.0 2.3 2.312 5.00 0.623 0.200 110 3.50 0.187 4-40NC 11 
6LV1-N 250 13,000 1.6 1.0 2.3 2.312 5.00 0.623 0.200 110 2.75 0.187 4-40NC 10 
8LV2 500 19,000 2.4 2.0 3.4 3.312 7.00 0.623 0.200 ISO 4.50 0.187 4-40NC 15 
6LV2-N 250 19,000 2.4 2.0 3.4 3.312 7.00 0.623 0.200 150 3.75 0.187 4-40NC 14 
6LV3 500 25,000 3.2 3.0 4.2 4.312 9.00 0.623 0.20C 200 5.25 0.187 4-40NC 17 
6LV3-N 250 25,000 3.2 3.0 4.2 4.312 9.00 0.623 0.200 200 4.50 0.187 4-40NC 17 
6LV4 500 32,000 4.0 4.0 5.5 . 5.417 11.25 0.623 0.200 240 6.75 0.187 4-40NC 22 
6LV4-N 250 32,000 4.0 4.0 5.5 S.437 11.25 0.623 0.200 240 6.00 0.187 4-40NC 23 
7LV3 650 18,000 2.0 3.0 4.6 4.687 9.75 0.748 0.312 270 5.75 0.250 4-40NC 34 
7LV3-N 250 18,000 2.9 3.0 4.6 4.687 9.75 0.748 0.312 270 5.00 0.250 4-40NC 28 
7LV4 650 21,000 3.4 4.0 5.5 5.437 11.25 0.748 0.312 300 8.75 0.250 4-40NC 4C 
7LV4-N 250 21,000 3.4 4.0 5.5 5.437 11.25 0.748 0.312 300 6.00 0.250 4-40NC 34 
7LV-6 350 11,500 1.9 6.0 8.0 7.887 15.75 0.748 0.312 420 9.25 0.250 4-40NC 54 
7LV6-N 150 11,500 i . e 6.0 8.0 7.887 15.75 0.748 0.312 420 8.50 0.250 4-40NC 49 
7LV9 350 17,000 2.8 9.0 11.0 11.187 22.75 0.748 0.312 610 11.75 0.250 4-40NC 69 
7LV9-N 150 17,000 2.8 9.0 11.0 11.187 22.75 .0.748 0.312 610 11.SO 0.250 4-40NC 66 
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JLVAJ a JO 1.30 Sos • oo ataadvd 

JLV1 1.0 1.90 
1 

imm aaStotdwd 

6LVAI an 110 •*••• Q3 jtaMora 

1 1 
:iw 1.1SK •W 140 870 aii 45 90 0.011 
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6LV1 10 . 14 MRM ao )MU4U*4 ;no 1SK .45 140 1,509 a io 45 150 0.019 

4LV3 10 4.3 W x u S l n M ;m 4.7K .6 140 
1 

1,903 | 0.25 45 200 0.023 

6LV4 to 5.5 Sax i oo Stench 4 !!D0 6.0K .75 140 2.509 0.31 45 250 0.032 

7LV3 10 4.6 710 37,000 4.0 300 7.0K 1.1 210 2,800 0.44 69 290 a 047 

7LV4 4.0 5.5 TOO 41,000 7.0 100 0L1K 1.3 210 3,300 0.53 69 340 0.055 

7LV6 4.0 10 TOO 61.000 10 100 1 1 . * 1.0 210 4,700 0.7* 69 400 0.078 

7LV9 9.0 11.0 700 00,000 IS :oo 16. OK ITS 210 6,900 1.10 70 700 e.12 

R l L d i 
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i> ™ esan ajraait — • * — 
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Terol kapadenca »di> 
DiaiaasJan* ma soma 

I gina for aariaa 
laalta 
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APPENDIX C 

MEASURED RESULTS FOR TOE INVESTIGATED LUBRICANTS 
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APPENDIX C 

MEASURED RESULTS FOR THE INVESTIGATED LUBRICANTS 



Table 14. Diester, 32°F 

L/D -.1.35 

-£* -
9956. 

VISCH TAUnYN NSRATE. RE, LEOL 

99if8. 

9946. 
9944. 
99 i» l , 

9933. 
9935, 

.2189+01 

.2108+01 

.2048+01 

.1962+01 

.1961+01 

.1993+01 
*19_7Q_+01_ 
.2024+01 
.1982+01 

.5277+05 
,5163+05. 
,5497+05 

•^116g±.06 
• 1 1 5 Q + O6 
.11&&+IL6 
.l82gi+06 

_ A 17_8^+Q6 
.189X+06 
221z.tl& 

.2411+05 
*245CL+Q_5 
.2684+05 

.5860+05 
_*5636+05. 
.9179+05 
. 9a48_+a5 
.9346+05 
AJJL6±Q6. 

.8611-01 
,9085-01 
.1024+00 
^2_40j 
.2335+00 
.2246+00 
,3600+00 
^359j0+0^ 

.3810+00 
4519+00 

.4146-02 
f4374-02, 
,4932-02 

.1124^01 
tlfX81-Ql. 
,1733-01 
jJUllrOl, 
,1738-01 
2176-Ql 

,1258 + 06" ,4.8*3+00 .2332-01 

,±i2&a±at ^Mi2+oiL^a4M^Qj^ 
.1231+06 ,4782+00 .2302-01 
.1694+06 .6677+00 .3215-01 
.1673+06 ,6584+00 .3170-01 
.1714+06 .6742+00 .3246-01 

.1969+01 ,3l50+08 ,1600+06 ,6350+00 .3058-01 
, 1 .ftao+01 ,3353+06.^1694+JQ6 .6686+00 ,3219-01 
.1979+01 ,4128+06 .2086+06 ,8236+00 .3966-01 
.19 73+0Jl_ a405a+a6 -^20 5 4 + 0 6 ,8138+Q QL .̂39JL8-Jir 
,1952+01 ,4105+06 .2103+06 ,8424+00 .4056-01 
,5566+01 fll56fl+n6 .2Bl7+05 .3956-01 ,1905-02 

9933. 
-9929+ 
9930. 

_!926J1-

.2031+01 
^I97a+01-
.2012+01 
.1983+01 

•2555406 
i25&?±a&. 
,2476+o6 
»_3359±Jl8_ 

9929. 
9926,. 
9928, 

.1986+01 
^15fiI+tLL 

.3322+06 

9924. 
9323. 
9924. 

20066*-20055. 
M&5BL*.. 
20048. 
2Q062, 
20050. 
2QQ47. 

.5559+01 

.5551+01 

.I6O0+O6 
0I6I5+Q6 

.5667+01 
,5599+01 
.5579+01 
.5684+01 

.1482+08 
O3Q4Q+Q6 
,3266+06 
j i lMji+Jii . 

.2878+05 
,2909+05 
.2615+05 
t5445+05 
,5855+05 
,5806+05 

,4046-01 
.4095-01 
.3606-01 
. ,7601-01 
.8202-01 
^7985-01 

.1948-02 
,1972-02 
,1736-02 
^3660-02 
.3949-62 
.3845-02 

20042. 
2003?. 
20035. 
20031. 
20027. 
2QQ22I 

.5599+01 

.5604+01 

.5602+01 
,5637+01 
,5638+01 
.5572+01 

20059. 
_2 OILS'*. 
2Q05~4. 
2UQ48. 
20048. 
20042* 

.5564+01 

.5578+01 

,526i+o6 
,4892+06 
,5159+06 

«L7 2.7&+P 6 
,6953+06 
719Q+Q6 

.9396+05 
j8729+05 
,9209+05 
• 12.91 + 06. 
,1233+06 
.1290+06 

.5565+01 

.5588+01 

,9486+06 
,919^+06 

,1705+06 
,1648+06 

.1312+00 

.1218+00 

.1285+00 
,1789+qq 

7iTio+ob 
,1810+QO 

.9326+06 
,9646+08 

.1676+0^ 

.1726+06 

"2395+00 
,2310+00 

,6315-02 
^5862-02 
,6187-02 
jr8616-02 
. 8231-02 
.8715-02 
.1153-01 
.1112-01 

,2354+00 
,2415+00 

.1133-01 

.1163-01 
.5526+01 
.5529+01 

oll5o+07 
_dLiii+al 

,2082+06 
,2064+06 

2944+00 
2918+00 

,1418-01 
,1405-01 

20041. 
20039. 

.5567+01 

.5489+01 
.1115+07 
.1133+07 

.2003+06 

.2064+06 
.2812+00 
,2939+00 

•1354-01 
,1415-01 
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Table 14. blester, 32°F (Continued) 

L/D « 1.35 

30070. 
3.Q061. 
30084. 
3M£6« 
30059. 
30091. 
3007-6^ 
30063. 
30-05^. 
30035. 
30079. 
393i*8. 
_3.93&3* 
39338. 
_39£20L%_ 
39254. 

.1420+02 
• 1397+_0J 
•1436+02 
.1399+02 
.1395+02 
.1401*02 
..13B5M2-
.1391+02 
.1370+02-
.1380+02 

r+Q2 
.3372+02 
*_3_414±02_ 
.3344+02 
*^340+02_ 

.134.1 + 07 

• l83c|.+o7 
».1830+J}7 

.9442+Q5 
J L 1 2 1 0 ± M 

„5l98^0r 
^7103-01 

.1277+06 

.1309+06 

.1692+06 

.1676+06 
U242+a6 

,6950-01 
7314-01 

.2503-02 

.3420-02 

,,9482-01 
.9350-01 
„9_B29-01_ 

• 2 3 6 J + Q 7 

• 234~9+07 
_»24l3+0l 
,2839+07 
_._2Ma+i)7 
.2805+07 

.+221&±Ql 
,20^7+07 
_»2J39_;>+0L7 
.297B^+o7 ,8907+05,2082-01 

. 3 3 4 6 - 0 2 

. 3 5 2 1 - 0 2 
, 4 5 6 5 - 0 2 
,4-502-02 
_A4733-££. 

, 2 0 4 1 + 0 6 . 1 1 4 7 + 0 0 . 5 5 2 2 - 0 2 
+21$7±Q 6L^12 02±QXL. ^2B2^Q2_ 
, 2032+06 ,1151+00 . 5 5 4 2 - 0 2 
, ? M Q + n 6 a 2 D ? + Q " ^ 7 9 n - o p 
. 6 0 7 0 + 0 5 , 1 4 0 7 - 0 1 
-6lJ27+J]i5_iUl403-0L 

.6775-03 
,6754-03 

3203+02 c403«5+o7 
.3275+02 ,u£97a+07_ 

,1260+06 ,3074-01 
,02l5+Q6»2899-£l, 

,1003-02 
•-1Q50-02, 
,1480-02 
tl396-02 

39290. 
39262. 
3 9 3 Q 7 . 

3138+02 . 
3145+02 0 

5410+07 
5 2 6 0 + Q 7 

,1724+06 ,4293-01 
,1672+06 .4157-01 

. 2 0 6 7 - 0 2 
, 2 0 0 1 - 0 2 

39320 . 

Mm, 
40127. 

j t o i a a * -
40122 . 
40149 . 
40162 . 
4(110 5^. 
4 0 1 9 8 . 
4ai5X^ 
40121 . 
4Q19Q-*-
40139 . 

A P I p 3 . -
40182 . 
4 0 1 4 ^ -
40106 . 
4 0 1 9 4 . „ 
4 0 1 5 3 . 
4 0 1 9 8 . -
40154 . 
40JUH*-
40065 . 

3080+02 O 6 2 9 Q + 0 7 
3Q 51+02__fij63 0 5+JlL 
2481+02 ,1305+08 

Ufrg+OB 
3402+02 .9003+06 
3532+O2_^16&±-0A 
3444+02 ,955g+o6 
35ia+0-2„4,_8il l4Mt06 
3392+02 ,,1967+07 
3329+02 „2Q4£+Jll 

,2042+06,5181-01 
_*2067+06 .5294-01 

.2495-02 
_._̂ 549-02 

.5261+06 ,1658+00 
lnl+06 .1245+00 

,2646+05 ,6079-02 

",2774+05 ,6296-02 
.̂ 23> 01+05,-, 5125-02 

.7981-02 
994-02^ 

•292f-&3 
.?645-Q3_ 
.3031-03 
^2467^Q3L_ 

,5800+05 .1337-01 
613P+05 .1440^01 

,6435-03 
•6932-03 

3405+02 
,3332+02 
3286+02 
(334M02 
,3235+02 

.209^+07 ,6149+05-.141.1 
• 90-6 0±OL5__^ 125 
,9287+05 ,2209 
*mm±ML*2099 
,1295+06 ,3128 

3052+07 
^SDla+XlI 
ffl418B+o7 . 

+^2_^224»+Jl7_JLa^3±M^3^ 
3248+02 04187+07 ,1289+06 .3101 

314£+02L 4,54i6+a7^-aJ2^a+ja6^^M7a 
3139+02 c538;3+o7 .1715+06 .4271 
318^+J32__A5^4%+JI7_UJ'19+J:L6 *42l6 
3151+02 ,545o+o7 ,1730+06 ,429l 
3075+02 .639g+Q7 ,2Q8Q+Q6-J*MM 

-01 .6796-03 
-4l_ . 10 23H&2_ 
-01 .1063-02 
-01 ..M-lQlQ^QSL. 
01 .1506-02 
01 .1558-02 

-01 .1493-02 
-O1.^206Jl^fi2_ 
-01 .2056-02 
-0l_^2J)M-QZ^ 
-01 .2066-02 
-01 .2545-02 

3062+02 
+1 

3067+02 

640i+o7 
L+HL 

06333+07 

,2090+06 ,5335. 
CL6L,5368! 

•01 . 2 5 6 9 - 0 2 
>01 . 2585-02 , 

.2065+06 , 5 2 6 4 - 0 1 . 2 5 3 4 - 0 2 



Table 14o Diester, 32°F (Continued) 

L/D - .14.9 

: J?3_ :... VISCP IAJJEO (H 
hOM- , 
•04 ( 

N£aAIE_ 
,4771+04 
4797+04 

RE 
,9737-01 
.9968-01 

_ LIOL _ 
9860. 
9852^ 

.1951+01 

.1916+01 , 
.9307H 
» 918CM 

(H 
hOM- , 
•04 ( 

N£aAIE_ 
,4771+04 
4797+04 

RE 
,9737-01 
.9968-01 

.4248-03 

.4349-03 
98i*8. 
96a9. 

.1978+01 , 

.1937+01 , 
•1003H 
.147RH 

•05 , 
"05 , 

,5070+04 
,7628+04 

.1021+00 

.1567+00 
.4453-03 
.6839-03 

9843. 
9873. 

.1972+01 

.1937+OJLi 
»152 6H 
.144Q4 

-05 , 
05 , 

,7737+04 
,j4_fll.+JL4_. 
,7790+04 
.7686+04 

,1562+00 
,1538+00 
.1636+00 
.1563+00 

.6815-03 
^1^708-03. 

9667. 
9866, 

.1896+01 , 

.1958+0i__, 

.1932+01 

.1972+01 

,14774 
il505H 
,2l0i^ 
1 2 & *T 8 " 

•05 , 
•Qb , 

,7737+04 
,j4_fll.+JL4_. 
,7790+04 
.7686+04 

,1562+00 
,1538+00 
.1636+00 
.1563+00 

.7138-03 
,6819-03 

9862. 
9B61 • 

.1896+01 , 

.1958+0i__, 

.1932+01 

.1972+01 

,14774 
il505H 
,2l0i^ 
1 2 & *T 8 " 

•Ob , 
05 , 

,1087+05 
.1089+05 

.2240+00 

.2198+00 
,9776-03 
.9589-03 

9666. 
9874. 

.1969+01 

.1962+01 
»20^6-< 
.209}H 

-05 , 

•05. < 

,1039+05 
,1066+05 

.2102+00 

.2164+00 

.2844+00 

.2843+00 

.9172-03 

.9443-03 
9672. 
9868. 

.1929+01 

.1977+01 
» 2 6 5 B < 
••279p4 

•05 , 
ifl5_j 
•05 , 
•05 , 

,1378+05 
.1412+05 

.2102+00 

.2164+00 

.2844+00 

.2843+00 
.1241-02 
.1240-02 

9865. 
9861. 

.1913+01 , 

.1955+01 , 
.2683^ 
>284ft4 

•05 , 
ifl5_j 
•05 , 
•05 , 

,140,2+05 
.1457+05 

,2917+00 
.2968+00 

.1273-02 

.1295-02 
9866. 
98_66^ 

.1931+01 , 

.1893+01 , 
•856q4 
L & M ^ 

05 , 
05 , 

,4435+05 
.3213+05 

.9142+00 

.6758+00 
.3989-02 
.2949-02 

9865. 
98ft 3. 

.1904+01 , 

.2529+01 , 
•850Q4 
»16224 

05 , 
•06 , 

,4464+05 
,•6414+'05 

,9334+00 
.1010+01 

.4073-02 

.4406-02 
9888. 
9893. 

.2559+01 , 

.2718+01 , 
•1642< 
,17454 

06 , 
06 , 

,6417+05 
.6421+05 

.9985+00 
n9406+00 

.4357-02 

.4104-02 
9897. 
9896. 

.1939+01 , 

.1975+01 , 
.2?98< 
.287^ 

05 , 
•05 , 

1443+05 
JJ*£6+iL5 

.2962+00 
„2934+00 

.1292-02 

.1280-02 
19891. 
19874. 

.5429+01 , 

.5452+01 , 
,2942< 
•285n4 

05 , 
05 , 

,541]9+d4 
,5227+04 

,3973-01 
.3816-01 

.1734-03 
,1665-03 

19865. 
19859. 

.5359+01 , 

.5275+01 , 
.28394 
.27394 

•05 , 
05 .( 

,5297+04 
,5192+04 

.3935-01 
,3918-01 

,1717-03 
,1710-03 

19853. 
19689. 

.5380+01 

.5402+01 
»43564 
»423s-i 

05 , 
>05 , 

,8097+04 
,7847+04 

,5991-01 
.5783-01 

.2614-03 

.2523-03 
19887. 
19882. 

.5361+01 

.5391+01 
.4288H 
.4417H 

• 0 5 ,7968+04 
»8192+04 

,5894^01 
.6049.01 
.79^28-01 
.8027-01 

.2572-03 

.2639-03 
19676. 
19870. 

,5507+01 
.5413+01 

»6040-i 
I-590BH 

••05 , 

••05 , 

,1097+05 
,1092+05 

,5894^01 
.6049.01 
.79^28-01 
.8027-01 

.3459-03 

.3502-03 
19665. 
19878. 

•5402+01 
.5391+01 , 

• 615g< 
,58264 

••05 , 

••0.5 , 

,1140+05 
,1081+05 

.8399-01 

.7981-01 
.3665-03 
.3482-03 

19871. 
19866. 

.5411+01 , 

.5415+01 , 
,59804 
,790 a*' 

K05 , 
k 0 5 , 

} 1105+05 
,1459+05 

.8130-01 

.1073+00 
.3547-03 
.4682-03 

19864. 
19894. 

.5384+01 , 

.5354+01 , 
»8 0 91+ ̂1 
,78934 

h05~ i 
KQ5 , 

,1503+05 
,1474+05 

,1111+00 
,1096+00 

.4849-03 

.4782-03 
19892. 
19893. 

.5379+01 :, 

.5655+01 , 
•781x1 
i202i« 

(-05 , 
hQ6 , 

,l45£+05 
,3574+05 

.1075+00 

.2516+00 
.4690-03 
.1098-02 



Table 14. Piaster, 32?F (Continued) 

L/D * 14.9 

19890. 
19891. 
19889. 
198B4. 

.5378+01 .l5«*3+o6 
•55jDP+iÛ _« 8807+05 
.5317+01 .1380+06 
j. 5442+01 .122R+Q6 

."2869+05 .2124+00 .9267-03 

.16Q1+05 .U59+QQ .5056-03 

.2595+05 .1943+00 .8479-03 

.2256+05 .1650^00 .7199-03 19885. .5523±£L!1JL12L5+06 .3572+05 
29896. .1394+02 .2977+o5 .2136+04 
39881* .1389+02 .27QQ+Q5 .1950+04 
29879. .1408+02 

.i_38£+02̂  
29868. 
29857. 

„ 29643«. 
29856. 
2985-5, 
29853. 
29873. 
29869. 

_-2ia^4* 
29864. 
_29a&5* 
29865. 
29661. 
_a9&5iU_„ 
29856. 

„29B5it* ,_._ 

29853. 
29856, •_ 

•1406+02 
.1390+02 
.1415+02 
.1378+02 
*1396+02 
.1375+02 
UA63+02 

•3114+05 

AaiZitnl 
.2212+04 

,.2575+00 .1123-02 
.6101-02 .2662-04 
.5586-02 .2437-04 
,6255-02 .2729-04 
.6613-02 .2885-04 

.1385+02 .1501+06 
_*.13i>J3±01_̂ X564>_tD6_. 
.1340+02 .1485+06 
«A351+CL2__tJl57.4 +fl6_ 

• •6955+05 .4948+04 . 1 4 0 1 - 0 1 . 6 1 1 3 - 0 4 
,7017+05 .5050+04 . 1 4 4 7 - 0 1 . 6 3 1 2 - 0 4 
.7255+05 .51^9+04 , 1 4 4 3 - 0 1 . 6 2 9 7 - 0 4 
.HI3+O6 „8082+04 . 2 3 3 5 - 0 1 . 1 0 1 9 - 0 3 
*JJ3^+JL6__JL77_i6 +JL4__^223^Q1_^.96 9 9 - CUt 
.IO64+06 .7741+04 . 2 2 4 1 - 0 1 . 9 7 7 9 - 0 4 

^JLL33,+ n6 n774P+Q4 t ? l 0 7 - 0 1 . 9 1 9 2 - 0 4 1083+05 
114^+JifL 

. 3 1 1 3 - 0 1 . 1 3 5 8 - 0 3 
^347^PJL , 146JM33. 

.1108+05 
4Lllfi5_+_Q5_ 

.1379+02 .7104+05 .5151+04 
„.1365+Q2_.-aiiMs±I)5 .SQtfe+M. 

.3292-01 .1436-03 
,3432-01 .1497-03 

.1360+02 .2040+o6 .l5ql+05 

.1348+02 .l99g+06 .l4gJ3+05 

.1355+02 .202p+o6 .14^2+05 

.1345+02 . 6 9 4 P + Q 5 .5159+04 

.1387+02 •10.76+06. 
tl34Q+0a a54ft±n6_ 

.1487-01 .6487-04 
1484-01 .6476-04 

.4394-01 .1917-03 

.4379-01 .1911-03 

.4381-01 .1912-03 

.1527-01 .6662-04 
.77^2+04 

gufcMs, 29851. 
^29B74^ 
29674. 
•396Q-Z 

.1348+02 

.126&+Q2_ 

.1233+02^ 

.3572+02 

•204g+o6 
^4-Mg*_0i>_ 
.5143+06 

,1520+05 
•_35J*7+_Q5 
.4171+05 

39'BoO. 
39fix4^ 
398p9. 
_3?ai9^ 

.3339+02 
i!2M+02 
.3352+02 
. 333a+_02 

.796 1+Q5 

.8046+0 5 

»219̂ ±JI4_ 

.2228-01 .9722-04 

.3365-01 .1477-03 
,4488-01 .1958-03 
^JUL03+^___c4iai2^^ 
.1347+00 .5876-03 
".2^6-02 wlQ67-04 

.2384+04 .2842-02 .12^0-04 
»23^+M_^£84Q-02 .1239-Qtt 

.7906+05 
i7i?4+05 

.2358+04 .2801-02 .1222-04 
, 2251+0** .2691-02 .1174-04 



Table 14. Diester, 32®F (Continued) 

I/O « 14.9 

39620. . 3315+02 .7825+Q5 ,2361 + 1^. 2835-02 • 1237-04 
39B|7. .3309+Q2.177I+Q6.5353+0^ .6441-02 .2810^04 
398D7. .3305+02 -,1643+06 ,4972+04 .5989-02 .2613-04 
J39738, .3297+02 .i7?^fQ6 .5441>Q4 .6566-02 .2866-04 
39796. .3337+02 .182(3 + 06 ,5455+04 ,6508-02 .2839-04 
39790. .3281+02 .26Q?+Q6 .7945*04 .9639-02 .4206-04 
39788. .3321+02 ,26li*.+o6 .7872+04 .9^38-02 .4118-04 
39BP2. .3278+02 .25$7+Q6 „7922+Q4 .962Q-Q2 .4197-04 
39620. .3315+02 .276n+o6 o8337+04 ,1001-01 .4368-04 

•_j£6lAi .3258+02 .3667+06 ,,1125+05 .1375-01 .5999-04 
398l6. .32C6+02 .3737+06 .1166+05 .1447*01 .6315-04 
39Q17J .3240+02 .3625+fl6-JLH19+05 .1375-01 .5998-04 
39823. .3287+02 .3675+06 .1118+05,1354-01 .5907-04 
398P0. .3205+02 .467v+Q6 .1457+05 .lBlQ-Qi .7896-04 
398i5. .3195+02 .474?+o6 ,1484+05 .1849-01 .8069-04 
398? 2. .3201+02 .482Q+Q6 .15n9+05 ,1877-01 .8189-04 
398il. .3193+02 .4740+o6 .1485+05 .1851-01 .8077-04 



Table 14ffl Diester, 32°F (Continued) 

L/D « 297 

1977. 
HgggilII£g5m_ " ••NSR-AJX—_.-M 

**966. 
*+967. 

.1092+01 
_.:iQ8M_QX 
.1078+01 

..lQBO+01 

• 2526+* 0<f 
HflL 

2600+0** 
2567+Q** 

.2313+0** 
^XZ+a** 

.2373LtM. 

13934-00 
1466+00 
l**7o+00 
1****7+00 

. 3 0 5 0 - 0 4 
J2Lll=0ft: 
. 3 2 2 0 - 0 4 
«3169^04 

496**. 
4960. 
**955. 
495 4_. 
**955. 
**950. 

.1092+01 

.ilQl+0:l 

.1082+01 
A1101+01_ 
.1090+01 
_»1089+01 

397Q+0** 

3994-iLOA 
3 9 2 Q + Q 4 

4M3+a**_ 
54-^9+0^ 
559a±n*L 

.3636+0** 
_*_362*i+Q**' 
.3622+0** 
_*36_90+JQL«L 

.**999+0** 

.5137+0**-

2190+00 
2161+_0J1_ 

.4795-04 
_*J*23fir_Q*L 

2201+00 
2203+00 
3015+00 
3101+00 

. 4 8 1 9 - 0 4 
_t_*ta25ĵ 0!L 
. 6 6 0 4 - 0 4 
. 6 7 9 2 - 0 4 

191+8. 
_**9&QL^ 

**95l. 
_]&!&*-

9951 . 
9937. 

.1090+01 
• JUL71+P1 
.1076+01 
tJ.Q_7M_01_ 

5538+0** 
1672 + Qifr 

,5079+0** 
_.7JX£+M_ 

3062+00 
4336+00 

.6706-04 

.9495-04 

.1923+01 

.1926+01 

7565 + 0** 
7 7 6 Q + Q 4 

.7029+0** 

.72Q1+M, 
1 9 6 Q + 0** 

1977+J1**. 
.1019+0** 
.1Q2Z+QJ*. 

4294+00 
4393+00 

.9403-04 

.9621-04 
3**85-01 
3504-01 

.7631*05 

.7673-05 
9928. .2019+01 

.1994+01 
2016+0** 
2iZB+Il**_ 

9921. 

995**. 
-9£50L,._ 

.1944+01 
• 2Q 0.7+01 
.1994+01 
_I_19L61+01 

1*796+0** 
5137+0** 
4 997+0 4 
£026_±.nJ*_ 

,9983+03 325Q-01 
3603-01 

.7118-05 
•7891-05 

,2467+0** 
.2559+0** 

8340-01 
8382-01 

. 1 8 2 7 - 0 4 

. 1 8 3 6 - 0 4 
.2505+0** 

J L I S & J + M . 

8258-01 
8592-01 

. 1 8 0 9 - 0 4 

. 1 8 8 2 - 0 4 
9 9 5 1 . .1940+01 

O3&9+0J, 
7163+O** 
i i i4+a*L 

.3692+0** 
^121+11** 

1251+00 
1,278+OiL 

.27**Q~04 

.2800 -04 
9952 . 

.9950 JL 
9943. 
9 9 4 1 . 
99** 1 ± 

995**. 

.1944+01 

.1963+01 
71**9+0*+ 
7506+Q4 

.1955+01 7379+o«* 

.3677+0** 

.3824+0** 
1243+00 
1281+00 

.2723-04 
,2805-04 

.1945+01 

.1938+01 

9978. 
9980 

.1924+01 

.1947+01 

.1954+01 

.1937+01 

1049+05 
1025+05 
1008+05 
1019+05 

.10**o + 65 

.7294+Q4 

.3774+0** 
75394+0**" 
.5291 + 0** 

1269+00 
1823+00 
1795+00 

.2779-04 

.^993-04 

.3932-04 
.5235+0** 
.5232+0** 
.5326+0** 
.3766+0** 

IT&8+00 
1766+00 
1792+00" 
1278+00 

.3917-04 

.3869-04 

.3925-04 

.2799-04 
1329+00 
8044-01 
1205-01 
1235^01 
1242-01 

9979. 
_ 9981. 

2000*** 
19989. 
19983. 

.1931+01 

.1934+01 

.5512+01 

.7534+0** 

.457&+04 
,br568+0** 

.5586+01 
,5568+01 

19982. 
19975 . 

.5406+^1 

.5409+01 

.5866+0** 

.5858+0** 

,3902+0** 
.2366+0** 

Vioioj-g^* 
.1050+0** 
.1052+0** 

1425+05 
.l**47+05 

^ftSii+O1* 
.2675+0*+ 

3205-01 
3251-01 

.2910-04 

.1762-04 

.2639-05 

.2707-05 

.2721-05 

.7020-05 
#'7lA-Q'5' 
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Table 14. Diester, 32°F (Continued) 

Averaged Data Points L/D « 297 

P (psi) V (cp) 

.0 .57500+02 

.49583+04 .10865+03 

.99520+04 .19534+03 

.19989+05 .54574+03 

.29980+05 .13990+04 

.39983+05 .33652+04 



Table 15. Diester, 10°F 

L/D » 1.35 

206 

-J&-
99?8. 

. 5 9 6 ^ 
9977 . 

9963 . 
__9959a-

9955 . 
_993X«.. 

9968 . 
VwfO ..... 
9 9 7 1 . 

__99jtfu_ 
9970 . 

__3366*_ 
9968 . 

9965. 
_J996^-

9965. 
J936I* 
9 9 7 1 . 
9972 . 

VISCP _TJVUD1_N_ NSRAXE. RE JkEQk 
. 1 * 8 9 5 + 0 1 . 1 1 3 1 + 0 6 

._„ ^AQ+OJ^Ol^+Jl^L 
.2310+05 , 3 6 8 8 - 0 1 . 1 7 7 6 - 0 2 
Mm±& 5 _ , M i M L j l i 6 8 ^ 0 2 . 

.4645+01 
i+l 

.10904-06 

.4706+01 „£72i^+06 

.2346+05 , 3 9 4 8 - 0 1 . 1 9 0 1 - 0 2 
i l+05 f970Q-Ql . 4 6 7 0 - 0 2 

.57IJ9+05 , 9 6 1 5 - 0 1 . 4 6 3 0 - 0 2 
J^6^+J1^4t5^I(UL+JlJL^A65^^0X^4^50-02 

.4586+01 .2739406 ,5972+05 
•A539+PJL _ ̂ _266x+D .&_ *_57Ji7j4Q_5_ 

,1018400 
^9665-PJL 

.4901-02 
Ĵt653-̂ P_2. 

.4622+01 

..4645+Q1 

.4761+01 

.Jk£i6iL+0JL 

.4657+01 
, .4617+Oi 
.4639+01 

L+J 
.4637+01 
. 4 6 7 1 ± M 
.4618+01 
.4642+01_ 
.4666+01 
.4654+01 

o 2 6 7 ! 4 0 6 
n 271:3+0 6 

,5780+05 
«.&flJtl+_OJL 

. 9 7 7 6 - 0 1 
9S23-QX 

. 4 7 0 7 - 0 2 
t4732-Q2L 

o 2 7 7 l + o 6 
-±2M2±SX&. 
.4303+06 
A27JD4J16. 

. 5 8 2 1 4 0 5 , 9 5 5 5 - 0 1 . 4 6 0 1 - 0 2 
ff57iifl405 , 9 6 2 9 - 0 1 . 4 6 3 6 - 0 2 
.9240+05 
^^tl+fi5_ 

o4l9;2+06 
_oJt*ii4>-:tJlH-
,4281406 
._4.4Jl7±ai 
.573;2406 
5̂flD.̂ +_06-
.5695406 

aJ2£&i±a$L 

.9037405 
IgS+Oi: 

.9232+05 
_§A3£Lta!i 
.1241+06 
*l2£2±nk 
.1221+06 
,16g6±fl6. 

,1551+00 .7467-02 
^1^5_6540JL^7^37-02„ 
,1523400 .7332-02 
tl54l+Qn .7420-02 
,1556400 ,7492-02 
^15794_0£L_>7602-Q2_ 
,2100400 ,1011-01 
^£108+_Q_0 . 1015-Q1_ 
,2045400 .9846-02 
B273ltdQ ,1315-01 

.4653+01 ,7895406 ,1697+06 
^Jt66a+5JL^J569^4,a6 _O^tO+06-
•4710+01 ,7840406 ,1665406 
^4654L+jy^:ri5jgi+^^^^ 

,2850400 
^2Q434QJDL 

.1372-01 
^9837-02 

,2763400 
^a83640o__ 

.1330-01 
j1365-01 

9976. 
__958L«-
_9979. 
19688. 
X96BA^ 
19668. 
19689. 

:*_• 

.4625+01 ,9228+06 .1995+06 ,3371+00 •1623-01 

.1**86+01 t.Q2B$»n.6 ,19gb+Q6 „3305+QQ .1591-01 

.4646+01 .,-9110+06 .19eil + 06 ,3299400 .1588-01 
4596+01 .96604Q6 .2102+06 .3574+00 .1721-01 

.4614+01 .944J.+ 06 
,11*34 + 02 ,4377406 
. X4£i3-+Q^-Jo-36i7+04, 
.1404+02 „ 3 3 5 B + 0 6 
_*X434+P2 .797-8+ilJL 

.2046+06 

.3053+05 
•£486+Jl5_ 
,2391+05 
—tvDbJTljw , 

,3467+00 
01664-OT 
,1329-01 
,1331-01 
., 3032-01 

.1669-01 
,8012-03 
.6397-QJ3, 
,6410-03 
,1460-02 

19689. 
19685^ 
19682. 
19684^ 
19682. 
19684. 

.1435+02 .763Q+06 .5324+0& ,2900-01 .1396-02 
_*JL43^+J^*JajOX^ 
.1418+02 ,l240+07 ,87«*4+05 ,4821-01 ,2321-02 
, 142_8+J)^ftA2^73+JQ7_itM:U)+0-5_. 4876-01 . 2348-02 
.1411+02 
.1410+02 

,1237+07 
«17174 07 

,8761+05 
o1211+06 

,4852-01 
.6747-01 

,2336-02 
,3249-02 
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19682. .1402+02 .I72;?f07 .1228+66 .6847-01 .3297-02 
196fi_2, •1398+02 

,1394+02 
_4l82j+_Q7 .1307+06 .7306-01 .3518-02 

19681. 
•1398+02 
,1394+02 .2316+07 ,1661+06 ,9312*01 •4484-02 

A9bl9jL .1392+02 
.1385+02 .2299+07 

.1634+06 .9175-01 .4418-02 
19685, 

.1392+02 

.1385+02 .2299+07 .1660+06 .9367-01 ,4510-02 
19690. .1367+01* .694A+0& .5081+03 .2904-05 .1398-06 
19675, .lt*02+02 ,12^9+07 ,8907+05 .4964-01 .2390-02 
19626,_ .11*06+02 _±i26a±n7 ,9015+05 .5011-01 .2413-02 
19676. .1410+02 •1263+07 .8954+05 .4964-01 .2390-02 
19625. .mo2+02 •l26p+07 ,8991+05 .5013-01 ,2414-02 
19671. .1407+02 •1238+07 .8798+05 .4888-01 .2354-02 
2CQ47. .lt*32+02 ,3(*B2+06 ,2431+05 
2QQ34. ,1419+02 .336fr+Q6 .2371+05 

.1327-01 .6388-03 
1306-01 .6286-03 

20031* 
-2110.32*-

.1^31+02 
JJ.423+02_ 

•335 0+06 ,2341+05 
JL^JUL 

.1279-01 

.3196-01 
.6158-03 
,l539-gg_ 

20025. .1424+02 
2UG45,^_. X435+Q2 
20039. .1423+02 
2QQ3&. .1U1Q+ 
20035. •1418*02 
-2003(U- -^1414+02 
20027. .1396+02 
_2O02jaL._ ^4XLft+0£ 
20029. .1384+02 
20025a ,1367+92 

•86O3+06 
__^BMi3u+Xl6 
• 131.5+Q7 

7+Q7 
tl27JL + o7 

-*.X73B+_0-7 
• 185:O + O7 
jOllSi+f l l 

06043+05 
-«560L8±Q5L 
,9240+05 
«934Q+05 
,8964+05 
«J2g>9+Q6 
,1325+06 
-ffl1235-+-Q6_ 

.3318-01 
>Q54-0: 

.5074-01 
,79-1 

.4942-01 
t6792-01 

.1597-02 
^70-02 

.2443-02 
i94-( 

.2380-02 
• 327J-02. 

.2284+07 
• 22?3+a2, 

.7417-01 .3571-02 
^898-01 f3321-02 

.1650+06 
«167_2+I16_ 

.9318-01 ,4486-02 
,9592-01 .4618-02 

2001*7. .1395+02 ,2257+07 ,l6l7+Q6 .9061-01 .4363-02 
^ 1 1 4 5 ^ ^X3a&^i>^_*^^ 
20037. .1376+02 .2309+07 ,1679+06 .9537-01 .4592-02 
2J[U)32. „tl3Lfel+02 ,£733+JI7 jLOsmufL ,,11^+OQ ,5538-02 
20038. .1353+02 .2757+07 .2038+06 .1177+00 .5666-02 
2nn*8. .1549+02 ,g>8lfi+n7 »2nfr7+n6 .l209»Qn .5821-OP 
27664. 
22&9&^ 
28130, 
28163, 

.3961+0*2" ,235t» + 07 
^^892+02 -^^aae+flX 
.3745+02 .3518+07 
3810+02 ,3*»lft»Q7' ,8975+05--4841-01 .8866 

O6a^3+o5 
-5^9^0^L 
9393+05 

28250. .3667+02 .4549+07 
£832^,^. 3647+02 , 466g^47-
28339. .3683+02 .,457.0+07 
28412. .3521+02 ,594i+o7 

. 1 2 0 9 - 0 1 . 5 8 2 0 - 0 3 
^4122^04^ . 5 6 6 5 - 0 3 
. 1 9 6 0 - 0 1 . 9 4 3 9 - 0 3 

mill , 8866*03 
,1240+06 
jri&'^+Q^ 
,1241+06 

2*£^ 
1687+06 

28457, ,3430+02 .7134+07 ,2080+06 

,2644-01 .1273-02 

,2634-01 .1268-02 

nr_366Q«01 ,1262-02 
,3745-01 .1803-02 
^4574,01 ,2202-02 
,4740-01 .2282-02 
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2S442, 
28(122. 

^B%h$+ 
28850. 
28892. 
290Q8. 

2 9 1 2 ^ 
28989. 
30119. 
-3Q1Q2_»_ 
30089. 
30076. 
-3Qiia4-
30122. 
_3X)1̂ 3, 
30121* 
3QII*. 

301l3, 
30124,. 
30119. 
3Q1Q5, 

30U5, 
jOlnOt 

r̂-2959+Q; 
.2719+02 
.2918+02-
.2928+02 

.2551+02 

. 2 73^9+02-

.2837+02 

.3830+02 
^3_9ai+Q2_ 
.tf0<*6+02 
•3931+02 
^4112+JJ2_ 
.3979+02 
_.3839+_02_ 
.3822+02 

jb 
.3783+02 
,.3714+ 
•3747+02 
,3£18+02 

1322+08 .4863+06 
&*4£ 

,4190+06 

.6166+06 
g34M#> 

,4679+06 
.26Q9+05 
«>243B+fl5 

•4126-+4 
•1227+08 

3H 
.1573*08 
*4*U$± 
•1327+08 
,999j>+06 

xa5oi+o6 
•103Q*O7 

•9853*06 
+$&±&±Qh 
.923^+06 
*226a+Ql 
.2317+07 

.3628+02 

.2566+05 
,2507+05 

^ + H 5 L 
•2321+05 
.59Q9+05 
,6062+05 

it0l_-^M25±a5L 
.3482+07 .9204+05 

JM^Q7-^945L9*-05-
, 3 4 3 Q + O 7 ,9174+05 
^3Mh±$J--*±-21&±QA 
,4644+07 .1280+06 
jL<&£k±2jL«13ia+flj6 

.1098+00 .5287-02 

.1398+00 .6731-02 

.1118+00 .5384-02 
801 D—H1—» 3S59**Q2 
.1889+00 ,9097-02 
Bl508*i)-a^7260-Q^ 
.12894-00 • 6208-02 
.5324-02 .2564-03 
.4885-02 ,2352-03 
,1*957-02 .238^-_fl3_ 
;49B4-02 •2400-03 

,2147_-JI3_ 
02 .2195-03 
01 .5792-03 

. 1 2 * 0 -
J l 7 B f t 

01 5969-03 
5672-03 

. 1 9 0 1 
_ O l i l ^ 
. 1 9 1 4 -
. 2 7 6 1 , 

01 
Qi 
01 

1 • 

9155-03 
M^fl3 

9214-03 
1329-02 

.2758. 

.282Q, 
01 

• 0 1 j t 
1328-02 
1358-02 

JEQ1Q9L, 
30093 . 
3U114. 
36771 . 
38761 

7 i 5 M + 0 2 7593j±5Z",.l663+JI6, ^ 6 7 l - Q l ^ i 7 6 7 - Q £ 
•3529+02 
.3555+;Q2_ 

• 5993+07 .1698+06 
_._17D6+i)6L 

.3762-

.3752 . 
' v J l , 1811-02 

1806-02, 
•9436+02 
.9573+02 

• 577c>+o7 
-5>493Jr07 ,573-8^-0 

.6125+05 
dkil5L 

. 5 0 7 3 - 0 2 , 2 4 4 3 - 0 3 
,4685»n2 , 2 2 5 6 - 0 3 

38726. 
-38713-+-
38764. 

38769 . 
38739, 

,9073+02 ,8162+07 ,8996+05 
icQ7 ,893^+-a5L 

•5357+07 .5503+05 
i+Qj - .907Z+a5L 

•6133+07 .8961+05 
»in7j-*Qa .i26B.+-a6-

. 7 7 5 0 - 0 2 

.9734+02 
- •9051+ 
•9076+02 
.8456+0? 

.4** 19. 

. 7838. 
•02 • 
.02 • 

3732-03 
i-03_ 

2128-03 
3774-IL3-

.7717. 
•-117(1. 

-02 
LQJL 

3716-03 
5635-03 

387l7. .8714+02 .109Q+08 .1251*06 
38678.-— +7796+02 .1-324*413 .l69&+a6 
38590. .7833+02 ,l33tf+o8 ,l7o3+06 
38551 •—-^7461 + 02 ,1519*0-6 .2031+06-
38610• .7394+02 ,l5l4+08 ,2048+06 
38573.—.6234+02 ,fc2a^&o8 .3542*06-

5402-03 

.2165-01 ,1042-02 

.4441,01 ,2138-02 
38695. •4641>02 ,274^+08 ,5664+06 
386B0»—.6256+02 ,245^£8--^32794M}6 

,9144-01 ,4403-02 
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387u6. 
387i1V. 
38687. 
<*0U6. 

J U i l t i . « 
<f0U'8, 

_ff.ai.26.il. 
i*on*a. 

_«fftia8jL. 
i * 0 1 i l . 

Jtmai^ 
I f 0 1 l 6 . 

•_!Uii_a.ij_ 
t f O l l f . 

JfiLQ..lIjL.' 
«fO-l2B-.-
fQQ99, 

. 5 7 0 8 + 0 2 

.5<+31+-02 
• »f 5 2 6 * 02' 
. 9 9 7 9 + 0 2 
^.QM+PA 

#23^3+08 
^a-ffS^N^a-
.297 6 +o8 
• 2 5 3 B - K J 7 

t2B3a±JQLL 

• *f 105*06 
î*5lS-M)-6-
.6575+06 
025<*t**Q5 

ft282Lfl±QjL 
. 9 9 5 6 + 0 2 
• 91+11+02 
.91*36+02 
.91*53*0-2 
,861*5+02 
. 6 8 6 0 + 0 2 
.881*8+02 
t 8 5 5 3 + 0 2 
. 8 7 6 2 + 0 2 
. 8 3 9 1 + 0 2 

•2?74+o7 
_ t 5 M l + j a l 
,587 8 +o7 

^5693+07. 
.826^+07 
.8t*lci.+o7 

, 5 6 2 0 - 0 1 

, 1 1 3 6 + 0 0 
„ 1 9 9 2 - 0 2 
»219Q-Q2 

.2787+05 
^_932+J>_3 
.6229+05 
JI_M21+J)5_ 

, 2 1 8 8 - 0 2 
m49t*3-02 

. 2 7 0 6 - 0 2 
^_Q£ 

.51*68-02 
. 9 5 9 3 - 0 1 * 
• 105<*-03 

, 5 1 5 9 - 0 2 
^ 9 8 0 , 0 2 

. 1 0 5 3 - 0 3 
^ 1 8 0 ^ 0 3 ^ 
.2**8i*-03 
. 2 3 9 8 - 0 3 

.9559+05 
„9i*5>6+QjL 

.8372+02 

• 821*4+07 
,9297+o_7_ 
• 95i*3+o7 
• lb3|x+08 
. 1 0 6 2 + 0 8 
.•iQ*»aifll 

.9317+05 
__10JL7+J0> 
• lQEI?9+0& 
.1227+06 
.1269+06 
.121*3+06 

. 861*3-02 

.8378-02 
• 1*161-03 
.i*03l*-03 

,-8230-02 
.9933-02 

•3963-03 
•4782-Q3 

,9716-02 
.11*3-01 

.1*678-03 

.5505-03 
,1185-01 
.1151-01 

•5703-03 
• 551*3-03 

1*0063. .81*16+02 „103ia+08 .1234+06 .11*6-01 .5518-03 

_ff.ai.26.il
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— R3 -
3 9 7 3 7 . 
39-76W 
39737, 

3 9 7 7 4 , 
-39Z§2*-
3 9 7 6 1 . 
39-756H, 

3 9 7 6 ^ . 
39749* 

V..LSCK-— tAUii.tiSL_-USSRAXE -M. 
,9575+02 ,1808406 ,1888404 
, 9943±U2.-*22294Q&- -+22t&±Slk. 
,9545+02 ,1926+06 ,2018404 

,9506+02 .4932406 ,5188+0^ 
,956^+ii2-J^852-iha6_ ,_5 SHS±S&_ 
,9186+02 .7346406 .7997404 

.ga-a^tfl^-^jiii^^ifi-^zasswuik^ 
9169+02 .725x406 ,7909+04 ,343if. 
8750+02 ,9^3^m6—^lQ734_a£L-^^9Q7r 

_L£LOL 
,7851-03 .3426-05 
+a312mQ3 .39JL7-Q5-
,8417-03 ,3673-05 
„?194-Q? .9572-05 
,2173-02 ,9480-05 
+2113-02 .922X-a5_ 
,3^66-02 ,1512-04 
^3435^J32 ,14£9-QJl 

02 ,1498-04 
•32 «?lfl-Q*f 

39737, 
-39724*-
29640, 
29629* 
29631. 
^94^2^ 

8716+02 ,972fo406 ,111,6405 
8 95?-+ 02 ,917 gA.g6-^mUAjaS-
3808+02 ,877{4Q5 ,2303+04 
-3812 + 02 ^aaO-7^a5_H^2JUl4-M-
3784+02 ,1947406 ,5146+04 

02 . 2 2 2 4 - 0 4 

02 .1051-0*1 

02 .2362-04-
02 . 2566 -04 

2 9 6 3 2 , . 3 6 9 8 + 02 , 2 9 7 9 4 o 6 ,8055+04-
2 9 6 3 4 ^ . . 3693+JJ2,302if±OJ3L-»AL6fl+-flJL-
2 9 6 3 1 . . 3 6 3 6 + 0 2 ,3991+406 , 1 0 9 6 4 0 5 
2 9 ^ 2 ^ * 3 4 2 6 ± ^ - * i ^ 
2 9 6 2 9 . . 3 5 6 8 + 0 2 . 5 2 3 8 4 0 b , 1 4 6 8 + 0 5 
2962f t . . ^ 7 1 + Q 2 .fS23a±n6 » 1 4 6 5 + J ) L 5 _ 

8 6 7 2 . 0 2 . 3 7 8 4 - 0 4 
^8826^-
, 1 2 0 3 - 0 1 
^X245»jQLl 
, 1 6 3 8 ^ 0 1 . 7 1 4 7 - 0 4 
^1633- .Q1__. 7125-^ ,4 



Table 16. Dimethyl Siloxane DC - 2 0 0 - 50 

100°F, L/D « 297 
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DC200-20C<;PCAP4*IOOFI> 3 - 2 3 - 7 1 

P3 

5432. 
5355. 
5355. 
5355. 
5355. 
53557 
5355. 
1186. 
1147* 
1186. 
1186. 
1225; 
1225. 
1186. 
1186. 
1225. 
9907. 

VISCP NSRATE KEC PELTAP TAUDYN REYN 

.7502+00 

.7395+0(T 

.6985+00 

.7046+00 

.7301+00 77¥l5+W 

.6832+00 

.1272+01 

.1144+01 

.1236+01 

.1211+01 
, 1 2 0 8 + o r 
.1252+01 
.1386+01 
.1196+01 
71128+01 
.2573+01 

2398+05 
1628+D5 
1748+05 
I94"5+0'5 
2781+05 

« 8 6 T 8 - O 1 
;»40o3-^l 
••4614-01 
7 5 7 0 ^ 0 1 : 

• 21065+03 
72052+03 
.2080+03 
72335+03 

,pll68+00 .3460+03 
2382*05 
2270+05 
^1391+04 
1199+05 
1658+05 
1449+05 

; 8 5 6 3 - o r 
. 7 7 ? 7 - 6 1 
71331-OT 
« 2 l 7 0 - 0 l 
,r4i52-ol 
,D 3168-01 

• 3 0 0 9 + 0 3 
.2642+03 

72C34+03 
•2336+03 
73493+03 
.2990+03 

1799+05 
1204+05 
1221+05 
1T7O+O5 
2031+05 
1766+05 
1551+05 

2661+01 
1833+01 
2084+01 
2?98+01 
3172+01 
2674+01 
2766+01 

975F7 
20056. 
975B7 
9907. 
9907. 
9907. 
975B7 
9907. 
9907. 
29445. 
29445. 
29445. 

1T94+UF 
1371+05 

6149+00 
8728+00 

4636+05 
5275+05 
5874+05 
6374+05 
64W+U5~ 
6591+04 

; 32^4+00" 
«4200+00 
752n9+W 
«6l33+00 
76366+00 
<» 6558-02 

.9543+03 

.1125+04 
71387+O^T 
.1299+04 
.1248+04 
•2A89+03 

2050+05 
1755+05 
5601+05 
6606+05 
A140+05^ 
7622+05 

1117+01 
9957+00 
31^4+01 
3507+01 

72526+0T 
.2542+01 
.2442+01 
.2517+01 
.2669+01 
.2576+01 
72336+OT 
.2421+01 
,2448+01 
.5311+01 
.5338+01 
.5200+0i 
75207+UT 
.5371+01 
.5245+01 
.9816+01 
.9931+01 
.9723+01 

6314+04" 
6787+04 
1247+05 
1578+05 
T179+05 
1300+05 

760T7=o2F 

„6954-02 
72347-01 
«376l-0l 
72097^01 
..2Sif9-ol 

7F?T7+03~ 
.2939+03 
751B7+XT3-
.6769+03 
75559+03" 
.5704+03 

7324+05^ 
1696+05 
^595+05 
1725+05 

3530+01 
4438+01 
4794+01 
2133+00 
2081+00 
2p23+00 
4~p52+lT0 
5?22+00 
3677+00 
4?00+00 

5045+05" 
3973+05 
3146+05 
3348+05 

29445. 
29445. 
38386. 
38386. 
38386. 

2370*05" 
28Jli|+05 
;2053+05 
3630+04 
4183+04 
5130+04 
6850*0¥" 
8397+04 
8^60+04 
3177+04 
iTO¥5+04 
3847+04 

^84f l2 -o l _ . 9433+03 
0II95+0O 
,P6365-0l~ 
a 9 f l 9 - o 2 
9ZS^~-QZ 
03972-02 
77084-o2 r 

a 0 6 ^ - o 1 
71080-OT 
« 1 5 ? 3 - Q 2 

•2234 -62 

.1161+04 
78566+03 
.3285+03 
.3804+03 
.4545+03 
.6077+ 
.7684+03 
.7561+03 
.5312+03 
76P44+03™; 
.6374+03 

5537+05 
6813+05 
5U28+03 
1928+05 
2233+05" 
2668+05 
3567+ 
4510+05 
4438+TJ5 
3118+05 
4017+05 
3741+05 

8i*bO+00 
9678+00 
6 9 8 3 + W 
5692-01 
6 s 2 5 ^ 0 r 
8p13-01 

O1 

1302+00 
T343+0CT 
2695-01 
3^?i^ur 
3295-01 



Table 16. Dimethyl Siloxane DC - 200 - 50 (Continued) 

100°F, L/D « 297 

212 

36386. 
47775. 
i*7775. 
47626. 
47626. 
47S26. 
58803. 
58803. 
58654. 
58803. 
68936. 
69234Y 
69234. 
69085. • 
69CT8S; 
79070. 
78921. 
78921. 

.9495+uT" 

.9933+01 

.1947+02 

.2044+02 

.2087+02 

.1933+02 
71990+02 
.4856+02 
.4915+02 
.4812+02 
.4913+02 
.1202+03 
.1237+03 
.1218+03 
.1203+03 
7l22O+0^ 
.3333+03 
.4360+03 
.4494+03 

.4045+04 

.2036+04 

.1464+04 

.1778+04 

.1815+04 

^rTSllZti+i 
•02 .6P45+03 
^ 3 .6754+03 
'03 .51100+03 
»05 .6521+03 

4974-Q3 .5979+03 
. 1309+W .25f l8-o:r .4440+03 

T359T+1 
.4018+05 
T^S+W 
.2993+05 
.3710+03 
.3509+05 

(322^01 
. 3 3 9 0 - 0 1 
7&70B^02 
. 5 q 6 3 - 0 2 
. 7 0 9 5 - 0 F 

! .7f l l8-02 

.6695+03 

.5245+03 

.5803+03 

.6323+03 

.2172+03 

Tzwinnr 
.2499+03 
,2437+03 

.6767-
74152' 
.5083-
, 6 0 36* 
.7123-
,"9748^ 
.9430-
*9Il^ 

•04 .5540+03 
'04 .4592+03 
•04 .4757+03 
•04 .5293+03 
•Q5 .4450+03 
^ 75554~+"03 
•05 .5186+03 
O5~V5O38+05 

7?606+05 
.3252+05 
.2578+05 
.2792+05 
.3107+05 
.2612+05 

.5*78-02 

.1148-02 

.8884^2r 

.1004-02 

.To72-02 

.1504-03 73143+05 
.3044+05 
^^917*05 

vrnri^y 
. 1 7 0 9 - 0 3 .ITOO:- 03 

^T¥^+T5T"73T6"2^05" .3102+03 .^821+05 . l o l & - 0 3 
.6772+02 . 6 9 ? 3 - Q 6 .31^6+03 .2257+05 . 1 6 9 2 - 0 4 
.6982+02 .T3«s7-0^ .5l86+0"3T .3044+05~7 l333 -04 
.5376+02 .43&2-Q6 .4116+03 .2416+05 . 9 9 6 0 - 0 5 



Table 16. Dimethyl Siloxane DC - 200 - 50 (Continued) 

210°F, L/D » 297 

213 

DC200-20CS»2lPFre.AP4»_3- 24_-71_._ 

P3 VISCP NSRATE KEc PELTAP TAUDYN 

5398. .3346+00 .2399*05 „84n9-ol . 1368+03 _.a027+04 
5398 . .3152+00 ,3952+05 • 22a2+oO.~2l?2*tiT~ . { 2 4 6 + 6 ^ 
5359. .3271+00 .3003+05 .13I7+Q0 ,1673+03 ,q822+04 
5359. .3269+00 ,4409+05 ,28P+00 •2456+03,i441 + 0B 
5320. ,3368+00 .4330+05 .27^9+oO .2485+03 .1458+05 

i l C 6_ r__„ ;576g+inj- # i 5 4 9 + 0 S " T 3 5 n 6 - 6 I ~ .l!>23+03 . f t93d+04 
11542. ,5615+00 .1539+05 o346l-Ql .1473+03 ,ft643+04 
11542. .5561 + 0 0 . ? ^ ^ 
11503. .5375+00 .1880+05 „51fr4-Ql .1722+03 ,i011+05 
6̂„„....._ .._„._ _..i.̂._._ i^gg^Qg .1053+O^r .2471+03 .1450+05 
l9460j> .9025+00 .1493+05 f_3256-Ql .2296+03 .|347+05 
19^60." .'8864+00" . 1847+05"".4981-0^ .2789+03 .u637+05~ 
19311. .8800+00 .1267+05 .23m5-Qi .1900+03 .flll5+05 
19162. .9639+00 ,1834+05 ."'WiT-o*' .30T1+03 . i767+ffS 
19162. .9428+00 .9528+04 .13?6-o^_j»1530+03 .JR982+04 
49414. .4624+01 721576>04 V62q3^o3 .1635+03- ,q597+04 
49414. .4248+01 .2358+04 .81g4-q3 ,1707+03 ,n002+05 
4'94l4; ~ .4669+01 .5209+U4 ~.7l3l-0"3~ • 1758+03 ,1032+05 
49861, .4876+01 ,1904+04 „52q8-o3 ,lc>82+03 ,q285+04 
49861. .4645+01 .2187+1*4 .16^p^o3 .l"^I+03 .T016+D5 
49861. .4388+01 .1957+04 „55q2-o3 .1463+03 .8585+04 
66850. .1150+02 .9^23+03 .I2q7^o3 .1846+OT . 1 6OT+W 
66850. .1132+02 .1547+04 .34q8-Q3 .2Q84+03 .i752+05 
668513. ~.TIT7+(T2" . 1555+04 "73631-03" ,"2960+03 .1 737+1 
66850. .1079+02 .2068+04 »62u8-o3 .3803+03 ,2232+05 
66850. , 1126+02 TV235+U4 ,22?B-oT3T237U+0T ~ .139T+W 
66850. ,1140+02 .1845+04 »4972-Q3 .3*83+03 ,?103+05 
79815* . 2239+02 .6943^0377^43^0^ 72^9+03 TJB55+05" 
79815. ,2121+02 .6051+03 „5348-Q4 .2187+03 .1284+05 
79BI5T~~,r2TJ¥3+02 .7538+03 "»83o2-o^~7^i23+U3 ,i540+05 
79666. .2124+02 .6646+03 „6452-0^ .2405+03 .j412+05 
79666. .2245+02 . m 7 W 4 n 5 ^ 
79666. ,2037+02 ,1106+04 »l7fl7-o3 .3838+03 .2253+05 
79666. ,2151+02 .96TFHJ3 7 1 T 6 & ^ r T ^ 

REYN 

5778+0J^ 
ioio+02 
7398+01 
1087+02 
1036+02 
2164+01 
2209+01 
3T66+inr 
2819+01 
4006+01 
1333+01 
1679+01 
1160+01 
1533+01 
8143+00 
3617-01 
4^73-01 
3813-01 
3147-01 
3794-01 
3593-01 
6602^02 
1101-01 

1544-01 
383^^0^ 
1^04-01 
21*99^2 
2?98-02 
2974-02 
2521-02 
36^0^0r2 
4*75-02 
36Z2-^J2 
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Table 16. Dimethyl Siloxane DC «• 200 - 50 (Continued) 

300°?, L/D « 297 

DC20Q~20C«;*3oOF,CAP4,3 2 5 - 7 1 

P3 

5350 . 
5350 . 
5350 . 
5350 . 
5389 . 
5389. 
12194. 
12234. 
12194. 
12194. 
12194. 

20354. 
20354. 
20354. 
20354. 
20354. 
50TI59. 
50159. 
50308. 
50308. 
50308. 
6863a. 
68638. 
68638. 
68638• 
68638. 
81603. 
8160J3. 
81603." 
81603. 
81603• 

VISCP 

.2037+00 

.2061+00 

.1828+00 

.1953+00 

.19o9+OJ)^ 
V1996+00 
.3684+00 
.3196+00 
.3541+00 
.3347+00 
.3465+00 
,5771+00 
.5443+00 
.6250+00 
.5403+00 
.5536+00 
.5360+00 
;2252+01 
.2338+01 
.2275+61 
.2314+01 
.2329+61 
.4903+-01 
746T56+0T 
.4480+01 
.4710+01 
.4602+01 
.7166+01 
.7038+01 
77067+01 
.6519+01 
.7176+01 

NSRATE KEc DELTAP TAUDYN REYN 

3417+05 
4905+65 
7156+05 
7880+05 
6674+05 

• I6i*9+p0 
.3397+o0 
.72^2+00 
.87ft8+66 
•62Q0+Q0 

.1186+03 

.1722+63 

.2228+03 

.2622+63 

.2171+03 
5575+05 
2573+05 
3152+65 
4684+05 
4B25+65 
4362+05 
,2310+05 
3033+05 
1766+05 
1289+05 
1656+65 
1434+05 
4893+64 
6377+04 
5998+64 
6503+04 
5714+04 
3177+04 
W5Q1+QW 
2644+04 
4222+04 
3887+04 
1B6Q+64 
2500+04 

.43^9+0^" 

.9349-01 

.i4o3+oQ 

.3098+qO 

.32fl7+60 

.26fl7+pQ 
77537^61" 
.12q9+oO 
.4375-"oT 
.2345-ql 
.3845-oT 
•29n4-ol 

.1P91+63 

.1615+03 
Vl71b+63 
.2*26+03 
.2751+63 
.2575+03 
7257T+1 
•2813+03 
•1874+63 
.13 86+03 
V1557+05 
.1310+03 

2567+64 
3343+04 
36915+04 

733^072" 
.57^2-02 
75680-62 
.5972-02 
.4616-62: 
.1425-02 
•2^2Rf2" 
.987l-o3 
.2133-0-2 
.48a4-63 
.8823-Q3 

,1877+03 
.2540+03 
.2324+63 
.2564+03 
• 2267+03^ 
.2653+03 . 34T2+UT 
•2018+03 
.3588+CT3 
.3048+03 
7227Q+63 
.2997+03 • 8^75^3" 

01578-02 
.1923»^ 

730T9+6T 
.3713+03 
74511+63 

6960+04 
1011+05 
1308+05 
1539+05 
1274+05 
1110+05 
q480+04 
1007+05 
1658+05 
1615+05 
1511+05 
1333+1 
1651+05 
1160+65 
6963+04 9136+W 
7686+04 
1102+05 
1491+05 
1364+65 
1505+05 
1331+05" 
1557+05 2003+05 
1184+05 
1989+65 
1789+05 
1333+65 
1759+05 
1772+05 
2179+05 
?6̂ 8~+65̂  

1*07+02 
iA54+02 
3050+02 
3143+02 
2723+02 
2182+02 
5440+01 
7683+01 
1030+02 
1123+02 
9807+01 
118+01 

4*41+01 
2IOT+0T 
1858+01 2*22+01 
2084+01 
1693+00 
2124+00 
2Q54+66 
2189+00 
Tqll+00 
5Q47-Q1 
7196-01 
4597-01^ 
6983-01 
6579-01 
2622-01 
2766-01 2763-01" 
3q94-01 
4605-61 



table 16. Dimethyl Siloxane DC - 200 - 50 (Continued) 

L/D « 297 Averaged Data Points 

DC20u-20CSpCAPtW100F» 3 -23-71 

(PSI1 
• oouou—~~ 
.53657+0** 

V fCP) 
"• 3910U+02 

.11194+05^ 

.19878+05 

.29445+05" 
•53386+05 

•72110+02 
T T 2 2 5 9 + O T 
.25050+03 

.47685+05" 

.58765+05 
759X15+05^ 
.78921+05 

75Z787+irT 
•97799+03 
720003+04 
,•48742+04 
"•121614U5" 
.44270+05 

ALPHA STAR- .%3ib- lR& 
ALPHA 0T= .1355Q-03  

DC200-20C.S*2lOF»CAP4r3 24-71 

P (PSD 
• o o o o o — 
•53667+04 

7TI503+tn5" 
•19311+05 

V (CP) 
715200+02 
.32812+02 

755443+02 
.91511+02 

7^?6~38TC]r5~ 
•66850+05 

V7n9T50+irj5" 

74574y+03 
•11242+04 
TZT5TTWVT 

ALPHA STAR= .95620-04 
ALPHA OT= " . 20481 -03 ' 

"P (P51J 
•00000 
• 53631+TT* 

V (CP) 
.84600+01 
719630+1T2 

.12202+0 5 •34464+02 

.20354+0 

.50249+0 
b 
5 

.56270+02 

.23016+03 
•63638+0 
•61603+0 

5> 
5 

.46701+03 

.69932+03 

ALPHA SIARiT . 9 5 5 4 ^ m r 
ALPHA OT= .24187 -03 



Table 17. Dimethyl Siloxane DC - 200 - 50, 75°F 

L/D • .1.35 

P3 VISCP ~TAUE)YN NSRATE ~ R E LEOL 
30156. .8818+01 .1228*06 «L1393+P5 .1234-01 .5943-03 
30146. .8567+01 .1258+66,1468+05•.1346-01 .6451-03 
3014Q. .9039+01 .1243+06 ,1375+05 .1189-01 .5726-03 
30146. ,88l3+Ti .441er+06 o50i~iT6!r744"44-01 .2140-02' 
30141,. .8915+01 .4359+06 .4890+05 .4287-01 .2064-02 
30138. .8989+01 .4326+06 .4813+05 .4185-01 .2015-02 
30135_, .9075+01 .4609+06 .507Q+65 ,437i»,Qi .2106-02 
30150. .8741+01 .72^8+06 .1316+0^.74^6-01 .3580-02 
3Q154. .8739+01 .7046+06 .8Q63+Q5 .7212-01 .3473-02 
30154. " .8750+01 .7328+06 .8376+05 .7482-01 .3602-02 
30152. ._8718+01 .7426+06 .8518+05 .7637-01 .3677-02 
30150. .8751+01 .TOW+OT. 1208+06", 107^+00 .5193-^02" 
30148_. .8701 + 01 .1052+07 .1210+06 ,1087+00 .5231-02 
30146. .8722+01 .1047+07 .1201+06 .10T6+00 .5182-02 
30142. .8755+01 .1059+Q7 .12Q9+Q6 ,1080+OQ .5198-02 
30152. .8609+01 ,l4i6+07 .1645+06'.1494+00 .7191-02 
30150. .8615+01 .1343+Q7 .1559+06 ,1414+00 .6810-02 
30148. .8725+01 .i39i+o7 .1595+06 .T428+00 .6878-02 
30146. .8694+01 .1332+Q7 ,1532+06 ,1377+00 .6630-02 
30141. .8593+01 .16.44+07 .1913+06 ,1740+00 .8380-02 
30135. .8643+01 .l71s+07_.1984+06 ,1795+OQ .8641-02 
30132. .8635+01 .l6^6 + 0i7 .1964+06", 1778+00 .8560-02" 
30149. .8443+01 .3253+Q7 .3852+06 ,3567+00 .1717-01 
30150. .8036+01 .4809+Q7~.5985+061,5821+00 .2803-01 
30142. .8254+01 ,39H+o7 .4781+06j,4527+00 .2180-01 
30145. .8482+01 .2906*67",3426+06 ,31i>7+00 •1520*01" 
3Q143. .8436+01 .1868+Q7 .2214+06 ,2052+00 .9878-02 
30143. .8235+01 o379f+()7~.4604+W .43'0+00 .2104-01 
3Q141. * 8113+01 e485o+Q7 ,5978+06 ,5760+00 .2773-01 
30136. .8055+^r^r472l + dT ,5861+6^ V5S87+00 .2738-OT" 
3Q133. .7796+01 ,,7644+07 ,9805+06 ,9830+OQ .4733-01 
30137. .7645+01 .l(T7f+6a .1461+07 .1433+01 .6899-01 
30135. .7985+01 .7846+Q7 .9826+06 ,9619+OQ .4631-01 
30145. .7768+01 .1033+08 .1330+67" .1339+01 .644$-0l 
30159. .7894+01 .8907+07 .112.8+07 .1117+ 01_.5380-01 
2962J^___.j83S9+Jil_^5llQ+Q7„^6j^!iHid^ •» 5 7 27+66 .2757-01 
29623. .7494+01 .846B+07 .1130+07 .1178+01 ,5674-01 
^ 9 6 0 3 ^ ^ 6 7 3 8 + ^ ^ ^ .2917+01 .1405+0 a 
29593. .6799+01 .1539+08 ,2264+07 ,2602+01 •1253+00 
29593. .8373+01 a3Q?+ii£_U55£+l)7 ,1452+01 .6990-01 
29611. .6482+01 .2057+08 .3174+07 ,3828+01 .1843+00 
29630. .6777+01 .1712+08 ,2526+07 .2913+01 %1403+00 
Z95&±±^„72JQ5+01 ,1291+08 ,1792+07 .194-4+01 ,9358^01 



217 

Table 17. Dimethyl Si loxane DC.-200.-50,-75°F (Continued) 

L/D * 1.35 

P3 v/ISCP T-AUO-YN NSRA'TE RE LEOL 
JLQG3_b. .1967 + 02 .5770+07 .2933 + 06 ,1166+00 .5612-02 
46:026. .1670 + 02. -8^2 + 07 .4542+06 .1899+00 .9144-02 
40009. .1549 + 02 ."1932 + 08" .1:172 + 07 .5554 + 00 .2674-01 
39Q9H. .lAQ^nP .Ift^fflQ .9f.44 + n6 ,4444 + 00 »?l40-nl 
39994. .1854 + 02 .6642 + 07 ...3581 + 06 .1510 + 00 .7268-02 
399B2_. .1565+Q2__^B5-^^ 
40007. ••.1552+02 .2860 + 08 .1R43+07 .9280 + 00 .4468-01 
40045. • 1553±Q_2„j27JL5±0&JJL7jj_2.+OX-.3133+00 .4222-OX 
40034. .1915+02 .4603+07 .2403+06 .9807-01 .4722-02 
t»nnus. . iQ:V7 + nP .4ftrvft + n.7 . .2-*79 + n6 .9599-01 .46P2-02 
40066. .1515+02 .3174+08 .2094+07 .1080+01 .5200-01 
40fl8fr*: ^ 
40082. .2041+02 .5136+07 .2517+06 .9640*01 .4641-02 
*frfr79^~ .1790+02 i^3^7^0»-r?6^»O€r-r536O»OO > 1616*01-
40075. .1686+02 .1961+08 .1175+07 .5445+00 .2622-01 
40063~.~rl^3e+^e-irl^^r€h»e^^^^!^^tHr .3696+00 «l760-fH-
40075. .1497+02 .3262+08 .2179+07 .1137+01 .5476-01 
+W7Mr.* 1*62+02 .3541 +0*n 2#^2+frT #1295+01 * 6233-01 
40071. .1392+02 .3814+08 .2739+07 .1538+01 .7403-01 
4frfr9frr .1418+02 -.380^+08 r2M%+^7-ylr4B^+0i- #7125-01~ 
40096. .1696+02 .1435+08 .8456+06 ,3896+00 .1876-01 
40085.-—^1967+02 -i#553+0T §^31^>^tr-i-91^»2*-01- .4426^02-
40078. .1533+02 .2215+08 .1445+07 .7369+00 .3548-01 
W^Ter 11^04+0e <> 3335 +08 * 2376+07-81323+0lr~¥*372Hrt-
40065. .1347+02 .3965+08 .2944+07 .1708+01 .6226-01 
*m?U~ .ttTb+tt-*^^S^+^7- .-2t^^N^r.^561'"01 .4122^02-
40063. .1412+02 .3843+08 .2722+07 .1507+01 .7257-01 
40065. -^1425+02 ~r35Tl̂ »tr6~T251lrCr»tr1̂  1^77+01 .6628*01" 
40080. .1596+02 .1978+08 .1240+07 .6072+00 .2923-01 
#0100.il&40+0fr Tl#tr3»08^^ 
40204. .220l+^2~73555+o6 ,l6j^i+05T5T34-02 .2761^03 
4Q199. .1886+02^ .3189+06 ,1691 + 05 .7005-02 .3373-03 
40196. .2152+02 .3707+06 ,1723+05 .6250-02 .30X4^03" 
*»0189. .2134+02 .2785+Q6 ,13Q5+Q5 .4782-02 .2302-03 
40187. .2153+02 .3128"+06 ,1453+05 .527S-02 .2540-03" 
40185, .1961+02 .2687+06 ,1370+05 ,5459-02 .2628-03 
40179. .2X115+02 T26T3+06 , lW7+WT50SQ^O2~.2422-03" 
40170. .2020+02 .1Q7^+Q7 ,53],7+Q5 ,2057-01 ,9904-03 
40179, ."2042>02 .IO82+0T ,53ci0+05 ,2029-01 .9769-03 
J*0J74. .2055+02 .104<4+Q7 ,5081+Q5 ,1932-01 .9303^03 
401727" .2035+02 .973tt+o& .4783+05 ,1837-01 ,8847-05" 
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Table 17. Dimethyl Siloxane DC - 2 0 0 - 5 0 , 75°F (Continued) 

L/D * 1.35 

4 0 l 7 l . 
4oi65. 
4016.6. 
4oi64. 
401.61. 
4oi5$7 
40j57_. 
40155. 
40151. 
40151. 
<fOlH, 
40_147. 
40144. 
40141. 
40171. 
40174. 
40175. 
40166. 
4Q169. 
40174. 
HO176. 
49606. 
49601V 
Jk*59S± 
49584. 
49563. 
49573. 
49573. 
49593. 
49596. 
49592. 
49593. 

.2064+02 _,J054+Q7 ,51O9+Q5 tl935-0i .9315-03 

.2024̂ 0̂2 Vi75l+ o7 ;B652+05 ^342-^1 

.2025+02 .169X+Q7 .8352+05 
^-'inrt " * fi "' ̂  .8391 + 05 

.1609-1 

.1552-02 

"4^555. 
49582. 
49583. 
49584. 
49582. 
49586. 

. 1792" : RJl^i^g>6"S~38y5W6~,2999+00 . 1 4 4 4 - 0 f 
• 5J>23+02 _, 11074-Q7 .21621+05_#3298*02 , 1 5 8 8 - 0 3 
• 5046+W t"i01if+07~~.2010+05 .3TT4-02 . 1 4 9 9 - 0 3 
.5219+02 .1023+07 .1961+05 . 2 9 3 7 - 0 2 , 1 4 1 4 - 0 3 
.4913+02 . 2 6 3 5 f 0 T .5363+05 ,,8532^02 , 4 1 0 8 - 0 3 
• *902+02 . 2 4 7 Q + Q7 .5039+05 0 8036*02 . 3 8 6 9 - 0 3 
.4932+02 .262;?>07 ,5316+05 08425-0~2 . 4 0 5 7 - 0 3 

-. 4954+02 .2518+07 ,5063+05 0 8020-02 . 3 8 6 2 - 0 3 
.4902+02 .4236+oT f"86.if3+r0'5r~;il378-"01.. . 6 6 3 6 - 0 3 
»4876+_0_2_J.5l47+07 ._85ci5+^5 ,1363*01 . 6 5 6 4 - 0 3 
.11876+02 .4T78+67 .8569+05 0 1 3 7 4 - 0 1 . 6 6 1 3 - 0 3 
.4886+02 .4Q97+Q7 B8385+05 0 1 3 4 1 - 0 1 . 6 4 5 8 - 0 3 
".4786+02 .579"8~h0T"7l2lI+OF 91978^01 . 9 5 2 5 - 0 3 
•4783+1)2 J.5818+Q7 .1216+Q6 ,1967*01 . 9 5 6 9 - 0 3 
.4789+02 .5782+67 .12o7+06 7 l 9 7 T - 0 l . 94^6-03 ' 
.4714+02 .7642+Q7 .1621+06 . 2 6 8 8 - 0 1 . 1 2 9 4 - 0 2 
.4760+02 .7587+07 .1594+06 

4 9 5 8 4 . 
49584 . 

"49563. 
49567 . 

4768+02 .7604+07 .1595+06 
. 26X7*^1 
,2615^01 

71260*02 
. 1 2 5 9 - 0 2 

4657+02 .9306+07 . 1 9 9 ^ + 0 6 ~ 3352-01 .1614-02" 
4709+02 .9056+07 .1923+06 , 3 1 9 3 - 0 1 . 1 5 3 7 - 0 2 
4715+1*2". 9X5!F07^.T94T+06T „ 3 2 1 7 * 0 1 ,1549-TJ2 

,3225*01 .1553-02 

.I94T+XT6 
4686+02 .9059+07 .1933+06 



Table 17. Dimethyl Siloxane DC-200-50, 75°F (Continued) 

L/D • 14.9 

P3 VISCP TAUDYN NS'RATE '•;_'" RE:- L tEOL 

| ^ r : T 8 ^ ^ ^ 5 ^ . 4 340+W-Tr 1948-01 ^498-Q4~: 

3006b. .8796+01 .3989+05 .4535+04 .2052-01 .8955-04 
3tffi^r -*8599+Ol-^fr5&3+05 .7655+04-^544-01 ,1546-03 
30064. .8650 + 01 .6253+05 .7229+04 .3327-01 . U52-03 
•9U0OU • • 83** + u* »o rllfUD |1U <Ktl * u "3o 4 f33"Ui . 20 * *• 0«3 
30059. .8427+01 .8715+05 .1034+05 .4886-OI .2132-03 
t̂ifrfrU. — . 8%99+0ir ^^rt0%+^tr.^3<^H^5- o^525-01 .2fl47-03-
30060. .8470+01 .1138+06 .1343+05 ,6313-01 .2754-03 
30059.r v8#g5+fl^vi^ . 3536-03 
30056. .8452+01 .1440+06 .1703+05 oR022-01 .3500-03 
400*6'!' .1990 + 02 !3534+05 !1776+04 .3552-02 ! 1550-04 
*tftmv .2030+02 ^^^7+^5-. 1^rs+^«^,?r2^l»02 ,1436-04-
**003*. .2015+02 .9124+05 .4528+04 .8946-02 .3903-04 
-*»00»aT--—r20iq+02-«"959*M-05 ,^^ir3+-04—y9414-02 .41Q8-Q4 
**0039. .2037+02 .9043+05 .4440+04 .8680-02 .3787-04 
4003b. 

1977»02 .1466^+06 ,75Hi* OH . 1 5 1 3 - 0 1 . 0 * 0 4 - 0 4 
* *003b. 
••UOOl • 
4 0 0 2 5 . 
^U0* -1 . 
40017 . 

•4y 0 At) •" 
^ 0 0 l b . 
^Ofti^* 
4 0 0 1 3 . 
i i Q C ? 7 " • 7 3 t T . 

4952b. 
^VLJ«- ( . 

4952U. 
49517. 
49514. 
49S12. 
4950b. 

4 9 5 0 b . 
it o r - n i. 

4 9 5 0 1 . 
i l Q i i Q i i 

• 4 9 4 9 b , 

. 1 9 7 7 + 0 2 . 1 4 6 2 + 0 6 . 7 3 9 4 + 0 4 
i±94^0+02 i r2 t iW+f t6 - -Hr f r& l rHH: 
. 1 9 1 5 + 0 2 . 2 1 0 9 + 0 6 . 1 1 0 1 + 0 5 
$1^14~H)2 . 2 7 6 fr^Ob - T - H H f g * 0 5 -
. 1 9 1 1 + 0 2 . 2 7 8 1 + 0 6 . 1 4 5 5 + 0 5 

ifr+36 *137flh»»Ojj 
. 3 2 7 4 + 0 6 . 1 7 2 6 + 0 5 
-&&h**b-r&2Q+Q%-
. 3 3 1 2 + 0 6 . 1 7 5 4 + 0 5 

. i 4 8 9 - 0 1 . 6 4 9 7 - 0 4 

. 2 2 9 0 - 0 1 • 9 9 9 0 - 0 4 

. 3 0 3 2 - 0 1 , 1 3 2 3 - 0 3 

, 1 8 9 7 + 0 2 
8 1 9 0 8 4 0 2 
. 1 8 8 8 + 0 2 
* 5 0 3 9 + ^ 2 
. 5 1 7 5 + 0 2 

. 4 8 3 5 + 0 2 
* 4 7 3 4 + 0 2 
. 4 7 6 7 + 0 2 
^ 4 7 ^ 9 + 0 2 -
. 4 6 2 6 + 0 2 
T"4"6 
.4498+02 
.45^^+^2 
.4484+02 
^ i»445+Q2 
. 4 3 8 7 + 0 2 

~.im^¥Wr-rtem+W-
. 8 6 2 2 + 0 5 . 1 6 6 6 + 0 4 
r 2 3 g f r r e 6 .t*7k9+&¥~ 
. 2 3 9 2 + 0 6 , 4 9 4 7 + 0 4 

- ^ 3 6 ^ ^ f O t r - ^ 7 t > t r 0 ^ ^ ^ 
. 3 6 4 2 + 0 6 . 7 6 4 0 + 0 4 

•3700-01 
• •J I V l - U c 

•1282-02 

. 4 0 7 3 - 0 2 

. 6 3 8 0 - 0 2 

. 9 0 8 0 - 0 2 

. 1 7 7 7 - 0 4 
r4~ 

. 2 7 8 4 - 0 4 
, 2 7 0 1 - 0 4 -
. 3 9 6 2 - 0 4 

3 5 3 6 ^ 6 , 74 i r 5+ t f4 -
4 8 8 0 + 0 6 , 1 0 5 5 + 0 5 

-F06-

. 6 3 9 2 + 0 6 . 1 4 2 1 + 0 5 . 1 2 5 8 - 0 1 , 5 4 8 8 - 0 4 
T f r 5 £ 7 r f r b " T i ^ 7 + ^ 5 — r r 2 7 7 - 0 1 , 5 5 7 0 - 0 4 " 
. 6 4 3 4 + 0 6 . 1 4 3 5 + 0 5 . 1 2 7 4 - 0 1 . 5 * 5 7 - 0 4 
. if r rD-iRT© . I r^ra'T'U') r l 3 b '—01 • bft*)b— Q4~ 
. 7 8 5 7 + 0 6 . 1 7 9 1 + 0 5 . i 6 2 5 - 0 1 , 7 n 9 0 - 0 4 
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Table 17. Dimethyl Siloxane DC -200 -50 , 75°F (Continued) 

L/D « 14.9 

P3 
50032 , 
500311. 

-50047-. 
5 0 0 3 6 . 

— 50046»~ 
50034 . 
50050 r 
50067. 

-50057T 
50056. 

" 50039.™ 
50050 . 
50053 . 
50096 . 

-39S13. 
3 9 8 1 1 . 

~3*7?3. 
3 9 7 4 1 . 
397£3* 
3 9 8 2 1 . 39832 . 
3 7 8 2 3 * 
3 9 8 1 2 . 

-3*8*2*-
2 9 7 1 1 . 

-£9702r 
29689 . 
'^n^nn 
c^ruu • 
29708 . 
29704 . 

-&m&* 

VISCP TAUDYN NSRATE 
.45£5+02ira755+06^1935+05 
.3971+02 .1258+07 .3168+05 
»3894+02 x 1486+07 ^3816+05 
.3775+02 e1739+07 .4606+05 
>-36i 8+or-ir^ay^N^y -^m+flfr 
.2731+02 «3264+07 .1195+06 
-»-53 35 » 0 2- Tr25*1H»07-^r75*J»+0& 
.3370+02 «2283+07 .6775+05 
•y3576+0 g-» 2011 +07 ̂ 56-26+0^ 
.3123+02 «2552+07 .8174+05 
^2269»02--i>#0^y+^7-"^1L87^cr6 
.2332+02 o3959+07 .1697+06 
r2494 + 0 2~ o 373ft+fr7 
.3720+02 «1720+07 
.1757+0^ -r84«f^0*-
.1499+02 o1565+07 
-.•vt292+02- oMfcT+OT" 
.1067+02 ,3257+07 
r!2tt6+02-c2739+07 
.1067+02 •3357+07 

-••+490+06-
.4625+05 
•#0^9+05 
•1044+06 
'Tl8«r7*t)'er 
•3052+06 

-r£27i+06-
.3148+06 

RE LEOL 
-¥17fr2"01 ^ 7 4 2 7 - ^ 
. 3 1 7 7 - 0 1 . 1 3 8 6 - 0 3 
* 3 9 0 ± " 0 l - ^ i 702 -03 -
. 4 8 5 8 - 0 1 . 2 1 2 0 - 0 3 
I•OOIO U* * c rtJO—0«3 ' 
i.1742+00 . 7 6 0 2 - 0 3 
iT90lr2-&ir-r3932-O3 
.8003*01 . 3 4 9 2 - 0 3 
<> 6263-01 . 2 7 3 3 - 0 3 -
• 1'042+dO .•• 4547-0.3 
.3+36+00" • 1368»02-
.2897+00 .1264-02 
r23 91+0 Q—rl043~0£ 
.4949-01 .2159-03 
T ± 0 94+0 0—F4775»03-
.2773+00 .1210-02 
. 56^2+tr0~i^4S4«0^-
.1139+01 .4969-02 
•T7497* 00 F3271-02 
.1175+01 .5126-02 

.1548+02 o1315+07 .8495+05 
¥±286+ 0 g-^397+07--g±663+p6-
.1085+02 • 3553+07 .3275+06 
? 1131+0g---g97e+67- «€62S+0fr-
.7324+01 o8135+06 .1111+06 
r^330+^t ~^159^Hh7".^5rlJ9+06-
.6184+01 .173^+07 .2812+06 
y6734 • Ot~wi^mr^^'-r±m^ttfr-
.6577+01 .1541+07 .2344+06 
.6483+01 .1576+07 •2431+06 
r6874+0^-^ 205+07-^*070+06- , 

.2184+00 .9530-03 

!1202+01 .5243-02 
^9236+00 .4030-02-
.6038+00 .2634-02 
.1584+01 >69l2-02-
.1810+01 .7899*02 

.1418+01 .6189-02 
0I493+OI .6513-02 

2-
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Table 18 Dimethyl Siloxane DC. - 200 -50, 75°F, L/D - 1.35 

(Measurements with partially blocked capillary) 

P3 VISCP TAUDYN NSRATE RE LEOL 
39473, .1185+02 .jda96st07 .5£24M6 .S200+0Q. *1059-01 
39485. .1777+02 .9753+07 .5489+06 ,2415+00 .1163-01 
394S&* _ »1862+02 „5796+07 .3JL12+Q6 ̂1-5.Q6±0JL ̂6288-02 
39484. .1661+02 .1467+08 .8833+06 ,4156+00 .2001-01 

.1595+02 .iJiMa+iie .ii5!5jLnZ-^5Ma±oj3L .2726-01 
39472. .1646+02 .1455+08 ,8838+06 ,4196+00 .2020-01 
39476. .1550+02 .21116+08-_JL3.0l+_0.7.. .6560+00 _. 3159-01 
39485. .1650+02 .1481+08 .8978+06 ,4253+00 .2048-01 
39_477^ __..iaai±02_ ...l8G6+_Q.fi_ _.ll4i2+GZ. ,5648+00 ..2119-01 
39466. .2477+02 .3099+08 .1251+07 ,3947+00 .1901-01 

.39n7+02 »437h+o7 .1120+06 ^ 2 4 1 - O J L .1079-02 
39472. .2121+02 .3549+08 ,1674+07 ,6169+00 .2970-01 
2Sbk&SU- .2127+02 _A4J152+Q8„ .I2£j!5+JL7_ ,7000*00 __.̂ 32n-QX_ 
39470. .2341+02 .4037+06 .1725+07 ,5759+00 .2773-01 
394e5_. .£666M2_ 

.2390+02 
A2MJL+X18_ 
.3331+08 

*9Qa6+_Q6. 
.1394+07 

*264Q+00_ j, 1271-01. 
39436. 

.£666M2_ 

.2390+02 
A2MJL+X18_ 
.3331+08 

*9Qa6+_Q6. 
.1394+07 ,4559+00 .2195-01 

39438. .29n5+02 .199^+08 .6855+06 T1845+00 .8881-02 
39420. .2466+02 ,3479+08 .1411+07 ,4^72+00 ,2153-01 
39419, .22„44_+02, 94428+08 .1913:^7 ,6872+00 ,3309-01 
39401. .2647+02 .4389+08 .1658+07 ,4895+00 .2357-01 
39414. .3238+02 .4382+08 .1353+07 ^3266+00 .1572-01 
49394. .9065+02 .1073+08 .1184+06 ,1021-01 .4914-03 
49390. .9028+02 .1924+08 .2131+06 :1845.01 .8883-03 
49386. .9155+02 .2124+08 .2320+06 „1981-01 .9539-03 

juaeox t1036+03 .II84+O8 .1143+06 ffl8625^02 .4153-03 
49324. .9433+02 .31^8+08 .3337+06 .2766-01 .1332-02 
49315. ,8085+02 f3M3tQ_8_ J1JQ4+Q6 .4547-01- .2190-02 
49303. .6748+02 ,4458+08 .6607+06 ,7653-01 .3685-02 
49320. .7678+02 .38I2+O8 .4964+06 .5053-01 .2433-02 
49552. .9830+02 .2322+08 .2362+06 ;IB 78-01 .9044-03 
49550. .9795+02 .l87i+o8 .1910+06 ,1524-01 .7340-03 
Jf9S97j_ .7886+02 *392J6+J[)8: .4979+06 ,4935-01 .2376-02 



Table 19. Dimethyl Siloxane DC -200 -50,' 32°F, 

L/D « 1.35 

222 

P3 VISCP T'AUDYN NSRATE RE LEOL 
*95o. .1710+01 o1302+06 .7616+05 .3*82+00 .1676-01 
*9**. .1721+01 * 1336+06 •7763+05 .3525+06 .1697-01 
*9*3. .1727+01 

.1702+01 
o1325+06 
•1810+06 

.7672+05 .3*73+00 .1672-01 
*9*2. 

.1727+01 

.1702+01 
o1325+06 
•1810+06 •1063+06 .*882+00 •2351-01 

*9*1. .1707+01 
.1727+01 

.1835+06 
„1924+06 

•1075+06 ,4923+00 
.50*2+00 

.2371-01 
*939. 

.1707+01 

.1727+01 
.1835+06 
„1924+06 •lll*+06 

,4923+00 
.50*2+00 .2*28-01 

*938. .1686+01 .2396+06 .1*21+06 .6586+00 .3171-01 
1938. .1726+01 «2505+06 .1*51+06 .6572+00 •316*-01 
*938. .1690+01 o23*2+06 .1386+06 .6*08+00 •3085-01 
*9*0. .1537+01 .1019+07 .6628+06 „337o+01 .1623+00 
*9*i. .1387+01 ••1973+67" .1*23+07 .8^19+D1 . 3B61+U0 
*938. .1393+01 .2175+07 .1561+07 ,8759+01 .*217+00 
*9*2. .1*93+01 .13*4+07 .9002+06 .*712+01 .2269+00 
*9*3. .1518+01 o 109(^+07 •7208+06 .3712+01 .1787+00 
*9*6t .1350+01 • 26i*B+oT" .1938+07 .1122+02 .5*02+00 
*952. .1396+01 o2913+07 .2087+07 ,1169+02 .5626+00 
*960. .1328+01 o289o+o7 .2177+07 .1282+02 • 6171+06 
*9*5. .139*+0l .2013+07 .1*4*+Q7 .8092+01 .3896+00 
49*6. .1323+Xri .2994+07 .2265+07 .1337+02- .6*38+00 
*9*9. .13*2+01 

.323*+^!" 
o2975+07 •2216+07 .1290+02 .6213+00 

9913. 
.13*2+01 
.323*+^!" o2333+05 .72 m+CTS- .17*3+1*0 .8395-02 

9918. .3025+01 o2*2*+06 .8015+05 .2071+00 .9972-02 
9916. .2997+01 o2533+06 .8*51+05 .2204+1)0 .1061^01 
9916. .2990+01 o2*36+06 .8147+05 .2130+00 .1025-01 
9913. .2997+01 .3*88+06 .li6*+06 .3035+00 .1*61-01 
9913. .3063+01 •3558+06 .1162+06 .296*+00 .1*27-01 
"991*. 9yQ~i&+UT~ .3387+06 .1111+06 .28*8+00 .1371-01 
9906. .30*0+01 •2*19+06 .7959+05 .20*7+00 •985*-02 
9906, .3025+01 .256o+o6 .8*61+05 .2186+01) •1053-01 
9899. .3050+01 .4634+06 .1519+06 .3893+00 * 1875-01 
9899. .30*6+01 .*7I.3+06 .1547+06 .3971+00 .19X2-01 
9907. .2988+01 •4599+06 .1539+06 .4026+00 .1939-01 
9909. .2989+01 •*623+06 .1547+06 .40*6+00 .19*8-01 
991*. .2775+01 .1152+07 .*150+06 ,1169+01 .5628-01 
9911. .2719+01 • £8'B2+i)7 .6923+06 719*0+01 .9581-01 
9909. .2529+01 .3159+07 .12*9+07 .3860+01 .1859+00 
9926. .2*10+01 .3834+07 .i591+QT .5162+01 .2*85+00 
9929. .2582+01 .173JL + O 7 .67o*+06 .2030+01 .977*-0l 
9952. .259*+01 .1827+07 .7o**+06 .2122+01 .1022+00 
9935. .2220+01 •577B+07 .2603+07 .9168+01 •**l*+00 
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Table 19. Dimethyl Siloxane EC - 200 - 50, 32°F, 

L/D « 1.35 (Continued) 

9 9 < f 7 . . 2 1 9 1 + 0 1 .6987+07 7HlS9Wr"''^iXy7W2ri^rfWuT 
9 9 2 1 . .2422+01 .4035+0? .1666+07 .5374+01 .2588+00 
9920 . .2149+01 ~.~5Wi + 0 7 . 2 6 2 ! 5 + 0 7 .95^4+01 . 4 5 9 5 + 0 6 
?92o . •2198+01 . 6 3 9 | + o 7 , 2 9 Q 7 + Q 7 .1033+02 .4976+OQ 

T 9 8 6 5 . .7884+01 76369+"o6~ ,8079+05" . 8 0 0 ^ 0 1 . 3 8 5 6 - 0 2 
19867 . •79Q6+01 ,6619+06 _.8373+p5 . 8 2 7 6 « 0 1 _ . 3986-02 
19866. .7932+01 76723+rj6 .B476+65 . 8 3 5 3 ~ o i . 4 0 2 2 - 0 2 
19859 . .8032+01 *8946+06 .1114+06 ,1084+00_j>5_219-02 
19861 . .7890+01 . 9 6 8 7 + 0 6 . 1 2 2 8 + 0 6 ,1216+00 .5856-02T 
19855._ . 7 9 1 5 + 0 1 . 8 9 1 5 + 0 6 .1126+06 .1112+00 . 5 3 5 5 - 0 2 
1 9 6 5 2 . ":"T7~829*Tn. 7 l 2 2 i + 6 7 . 156Q+0& .1&&8+00 . 7 5 0 0 - 0 2 
198^6. .7902+01 .1206+07 .1526+06 ,1509+Ojr •_7266-Q2 
19847. . 7 8 3 9 + 0 1 . l l S e + o T .151^+0^ .150^+00 7 7 2 ^ 0 - 0 2 
1 9 8 5 8 . .7849+01 .1507+07 .1920+06^ .1912+00 , .9208-02 
19856 . .783^+01 .11513+07 . m i + 06 .1927+00 . 9 2 7 7 - 0 2 
1 9 8 5 2 . . 7831+W , l ¥ 3 6 + o 7 .1834+06 .1831+00 . 8 8 1 ^ 0 2 
19859 . .7144+01 ,350?+q7 ,4902+06 ,5363+00 • 2582-0l_. 
"l98S«i7- 7 7 1 0 6 + 0 1 ~ 4 9 7 f + 6 7 ,6999+66 ,7699+66" . 57 07-01 
19857, .7469+01 .2*»39+p7 .3265+06 ,3^17+00 .16^5-01 
19848. .7553+ OT * 2f70"8+OT ,3583+06 7 3 ' 1 0 + 0 0 .1786^01" 
19857. .6934+01 ,5499+07 ,7931+06 .8940+00 . 4 3 0 4 - 0 j ^ 
1 9 8 5 0 . .6576+01 .8288+67 .1266+67 .I*r9g+UT .7^13-01 
19844 . .6484+01 ,1066+08 .1644+07 .1981+01' _*_95<*6-0l_ 
19847. . 659>6+0l .9982+07 .1515+07 .1796+01 . S f p ^ J l 
11854^ .7092+01 75763+Q7 ,8126+06 .8956+00 . 4 3 1 2 - 0 1 
29936 . ^2316+TT2 • 10T4+07"'7**638+65" 71^65^01 . 7 5 3 5 - 0 3 
29937 . .2264+02 .3694+06 .1631+05 . 5 6 3 1 - 0 2 . 2 7 1 1 - 0 3 
29939 . .2255+02 .2904 +66 712fcW+65 . 4 ^ 3 - 6 2 >.2I«re=03" 
29941 . .2277+02 .3^58+06 .1519+05 . 5 2 1 4 - 0 2 . 2 5 1 0 - 0 3 
2 9 9 2 2 . .2169+027,3401^06 ,1570+65 . 5 6 5 8 - 0 2 .272«M03"' 
"2992B7 72218+02 . lll2+6T~756i;i5Hh^r 71768-01 .8510-03" 
29926 . .2185+02 .111(3+07 ,5081+05 . 1 8 1 7 - 0 1 . 8 7 5 0 - 0 3 
29919 . ;2ir7*I^Vi7^+0T'"7^1.d7 [+0"5 ^ 9 H - 0 1 T ^ 1 4 01-1*2 ~ 
29919 . . 2 1 6 8 + 0 2 _ 1 l 7 8 i + o7 ,8214+05 . 2 9 6 1 - 0 1 . 1 4 2 6 - 0 2 
2 9 9 1 1 . .2153+U2 .2513+67 ,116.7+06 .4239-0T"7M4r-152 
29912 . .2178+02 .1777+67 ,8159+05 . 2 9 2 8 - 0 1 . 1 4 1 0 - 0 2 
^ 9 9 ^ 7 7 .2 l33+lJ2~7^5^7+6^7Il^^+66 . 4 3 / 6 - 0 1 . 2 1 0 7 - 0 2 
2 9 9 2 8 . .2132+02 .2<*79+n7 .1162+06 . 4 2 6 1 - 0 1 . 2 0 5 2 - 0 2 
2 9 9 2 1 . .2125+TO".3338+67 7IS7T+06 .57«U^01 . 2 7 8 3 ^ 2 " 
29919 . .2119+02 .3335+07 .1574+06 . 5 8 0 6 - 0 1 . 2 7 9 5 - 0 2 
2991&. 7 2 1 W + 0 2 TS^BT+oTTl^^+l^r 75731-OI .2759-U2 
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Table 19. Dimethyl Siloxane DC -200 -50 , 32°F, 

L/D « 1,35 (Continued) 

29913 . 
"299097 
2 9 9 1 1 . 

"299097 
2-9920, 
29917. 
2991^w 
29909 . 

2 9 9 3 1 . 
-&&&&*-
29930 . 

-£99£9^ 
29936. 

39875 . 

39873 . 
W / B O 6 T 
39878 . 

.2141+02 •3256+07 •1521+06 
• 2143+02 .3912+T7 • 1 8 S 5 + W 
.2123+02 ,3956+07 .1863+06 
7ZttWr 7"5?BJT®7 TTTO+U^ 
^ 8 4 ^ + ^ 2 ^ 3 ± 6 l * 0 £ 
.1918+02 .1089+08 

,5552.01 .2673-02 
~6658-01 .3206-U2 
,6859*01 .3303-02 
#B©i^-^or~732iB^rr2-

•Jl^t 7+^6—* 20&1> 
.5676+06 .2313+00 

r 2077 -•^2--^4^-i^#T-^^^5^^e-6--^44S= 
.1914+02 .1140+08 .5955+06 .2431+00 

R 7+n ft 

.1121+08 .6026+06 .2531+00 
0+0^ .^544+^6- .2613+00 

.8065+07 .4016+06 .1563+00 

.1861+02 

^m± 
.2008+02 
^£0£0*0£-^68J+9*07 
.1860+02 .1087+08 

1114-01 

.1171-01 

.1219-01 

.1355-01 

.7526-02 

.6600+02 

.6575+02 

.7012+02 

•^£££+06-
.584t*+06 

>8*0§-
.1105+07 .1625+05 
^ll£?+^7^rl^lr3+K}S-
.1095+07 .1665+05 
"87^3+#6~.r«ir5+0S-
.8270+06 .1179+05 

.1868-02 
^£037*02 
.1979-02 
^1542-M 
.1315-02 

.8994-04 

.9805-0*4 

.9529-04 

.6329-04 
39917* »82S7+0g »42a4»07 *51 Jb̂ H-aia--.4 8^3*02 .2332-03 
39908. .1586+03 .6025+07 .3799+05 .1872-02 .9013-04 
£9&93^—^8526+0£ .4O6hl-+^7^^^7l^+0^)--r4346^O2 • 2102-03 
39882. .8432+02 .4124+07 .4891+05 .4534^02 .2183-03 
39 &75v .6^0 0 + ^ -r^£5&+^7-^4721+05" .^348*( 



Table 20. Dimethyl Siloxane DC -200 -50 , 

32°F, L/D « 1.35 

P-3 VISCP TAUDYN NSRATIE RE LEOL 
,483<f_02 
.4607-02 

30236* 
M2^L^ 

02370t02 
»2356+02 

• 347(*+o6 
M&M^ 

011*66+05 
1388+05 

•2328 -03 
. 2 2 1 8 - 0 3 

30236* 
3Q2J27, 

.2331+02 
«2199+0? 

. 33210+06 

.1079+07 
,1425+05 
.4904+05 

,4778-02 
.1743-01 

,2300-03 
.8391-03 

30226. 
30222. 

.2214+02 

.2184+02 
•109'StO:7 
»1063+07 

,4947+05 
.4666+05 

,1747-01 
.1741,01 

.8411-03 
,8384-03 

30220. 
3022Q 

.2213+02 

.2220+02 
•1015+07 
• 1H&+07 

,4584+05 
.5Q16+Q5 

.1619-01 

.1766-01 
,177^01 
.2957-01 

.7795-03 

.8504-03 
30220. 
30245. 

.2198+02 

.2212+Q2 
• 109(^+0 7 
tljgJ+tfZ .17SS+07 
.•I76iit0.7 

,4969+05 
,8369+05 

.8542-03 
,1424-02 

30245. 
30234 

.2194+02 

.2192+02 
.7991+05 
,8049+05 

,2847-01 
,2871-01 
,2819-01 
.4341-01 

.1371-02 

.1382-02 
71357-02 
.2090-02 

30235. 
30232. 

.2187+02 

.2163+02 
•1725+OT 
±259iM7_ 

,7888+05 
1201+06 

30229, 
30228, 

.2161+02 

.2172+02 
. 2 & 6 § + Q 7 

_i l |®l iQ7 
7f !> i i+07 
• 339 |^07 

.1185+06 

.1189+06 
.«*288-01 
.4278-01 
,4207-01 

.2064-02 

.2060-02 

.2025-02 30227. 
30225. 

.2161+02 

.2145+02 
73^%+0 7̂  
•346fe+07 

,1163+06 
,1585+06 .577^01 .2780-02 

.5855-01 

.5836-01 
.2819-02 
•2810-02 

30221, 
30219. 
30218. 
30216. 

.2130+02 

.2154+02 

.2164+02 

.2114+02 
t.2117+02 
.2129+02 

.3335+07 

.418&+Q7 

.1595+06 
,1609+06 

• 4l5§+07~ 
.41513+07 
• 4U&+0T 

,1541+06 
.1978+06 
71952+06 
,1951+06 

.5567-01 

.7315-01 
.2680-02 
.3522-02 

.7207-01 

.7161-01 

.7174-01 

.3470-02 

.3448-02 
,3454-02 

30210. 
30205. 
30202. .2116+02 

,98^+06 
..113J+07 
• 347i7+07 
.3561+07 

,1943+06 
,1438+05 40345, .6676+02 .9601+06 

40340. .7295+02 .98ib+06 ,1357+05 
40333, .7185+02 .113i+07 ,1572+05 

. 1 6 8 4 - 0 2 . 8 1 0 7 - 0 4 
. 6 9 9 9 - 0 4 
. 8 2 3 6 - 0 4 
. 2 8 4 0 - 0 3 
. 2 6 8 0 - 0 3 

. 1 4 5 4 - 0 2 
J L l711-02 
.5898-02 
.5566^02 

40327. 
40324. 

.6788+02 

.7075+02 
,3122+05 
o5638+Q5 

.5920-02 

.4968-02 
,4868-02 
.4660-02 

.2851-03 

.2392-03 
40323. 
40325. 

.6968+02 

.7701+02 
.3677+07 
.3769+07 

.5278+05 

.4895+05 
40325. 
40326. 

.7920+02 

.8050+02 
.3907+07 
1386J3+Q7 

7 6 6 7 i + 0 7 
,675lb+07 

.4932+05 
JL4799+05 

,8045-02 
,7408-02 

.2344-03 

.2244-03 
40318. 
40321. 

,8053+02 
.8442+02 

,8268+05 
,6002+05 

.3873-03 

.3567-03 
40310. 
40310. 

.8910+02 
,9279+02 

.7463+07 

.7ete+o7 
,837^+05 
8|n9+05 

.7347-02 

.7092-02 
.3538-03 
.3414-03 

403U • 
40300 

.9487+02 

.1024+03 
.824|8+07 
JLHSS+M: • 127R+W 
.I33b+Q8 

,8694+05 
o1167+06 
,1205+06 

,7164-02 
,8914-02 
.8903-02 

.3449-03 

.4292-03 
40296. 
40292. 

.1058+03 

.1108+03 .1202+06 ,8461-02 
, i i 4 8 + o F 
.1162+06 
,1H3+0F 

.7124-02 

.7064-02 
,7492-02 

•4287-03 
,4084-03 
,3430-03 
.3401-03 
,3607-03 

40276. 
40258. 

.1259+03 

.1286+03 
40321. .1161+03 

.l44|5+08 

.1494+08 
•X^fc+O^ 


