
_ 7 	 • 	 - 	 ' . 

c.2.7 

• 

N 
- - 

GEORGIA INSTITUTE OF TECHNOLOGY 

OFFICE OF RESEARCH ADMINISTRATION 

RESEARCH PROJECT TERMINATION 

Date: 
	anl'ary  

Project Title: 

• Project No: 

Principal Investigator: 

Tffs, f, ts in Min 7ilm L-,brication 

""" 

'OR.% 

Drs. r. 0. Winer and D. M. Sanborn 

Sponsor: 	7;ntiona1 Science 7cr.In771.ticrl 

Effective Termination Date:  1/1`)/74  

Clearance of Accounting Charges: 

 

9/30/74  

 

   

Grant Closeout Actions Remainin: 

COPIES TO: 

Principal Investig.-ator 

School Director 

Dean of 'he Cojege 

Director of Resear.;h. Administration 

Associate Controller (2) 

Security-Reports-Property Oince 

Patent and Inventions Coordinator 

Library, Technical Reports Section 

Rich Electronic Computer Center 

Photographic Laboratory 

Terminated Project File. No. 

Other 

RA-4 (5/70) 	 " .44'.1°5 4:4P  



GEORGIA INSTITUTE OF TECHNOLOGY 

School of Mechanical Engineering 

Atlanta, Georgia 

RHEOLOGICAL EFFECTS 

IN THIN FILM LUBRICATION 

NSF Grant GK-31154 

By 

David M. Sanborn 
Assistant Professor 

Ward 0. Winer 
Professor 

Principal Investigators 

November 1972 



GEORGIA INSTITUTE OF TECHNOLOGY 

School of Mechanical Engineering 

Atlanta, Georgia 

RHEOLOGICAL EFFECTS 

IN THIN FILM LUBRICATION 

NSF Grant GK-31154 

By 

David M. Sanborn 
Assistant Professor 

Ward 0. Winer 
Professor 

Principal Investigators 

November 1972 



GEORGIA INSTITUTE OF TECHNOLOGY 

School of Mechanical Engineering 

Atlanta, Georgia 

RHEOLOGICAL EFFECTS 

IN THIN FILM LUBRICATION 

NSF Grant GK-31154 

( 

Ward 0. Winer 	 DavidiM. SdhForn 
Principal Investigator 	Principal Investigator 

Stothe P. Kezios, Dire-GtOr 
School of Mechanical Engineering 

November 1972 



SUMMARY 

Several measurement techniques are being developed which 

should aid in the investigation of rheological effects in 

thin film or elastohydrodynamic lubrication. This laboratory 

will soon have the capability to measure the film thickness, 

traction, temperature profile, pressure profile, and the extent 

of lubricant degradation in addition to monitoring the EHD 

bearing operating parameters of instantaneous normal load and 

speed. This data, together with the viscometric data also 

being obtained in this laboratory should prove very useful in 

the study of EHD bearing contacts, and in particular, the 

effects of lubricant rheology in this form of thin film lubri-

cation. 



I. INTRODUCTION  

The research conducted under this grant is directed toward 

the better understanding of the rheological behavior of lubri-

cants in highly loaded elastohydrodynamic contacts. The 

efforts during the first year have been concerned with an 

experimental determination of the temperature and pressure 

distributions in the elastohydrodynamic contact and with the 

acquisition of a sample of the fluid which has passed through 

the contact. These samples will be used to assess the extent 

to which molecular degradation has occurred. 

With the development of the equipment described in this 

report, this laboratory now has the capability for measuring the 

film thickness, traction, normal load, temperature, and pressure 

and acquiring a fluid sample in highly loaded elastohydrodynamic 

contacts. We also have the equipment for measuring the viscosity 

of fluids to pressures above 100,000 psi and shear stresses to 

greater than 10 7 dynes/cm 2 . Viscometric data has been obtained 

on a large number of fluids through the support of a NASA 

grant which also partially supports the infrared work presented 

in this report. It is expected that during the next year a 

number of fluids will be investigated in detail to try to 

determine the nature of their mechanical behavior in an elasto-

hydrodynamic contact. 

Although no publications have resulted from this work yet, 

the infrared work discussed below was presented at the 1972 

Gordon Research Conference on Friction, Lubrication and Wear 

held at Beaver Dam, Wisconsin in June. 
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POTENTIAL APPLICATIONS  

A more complete understanding of the mechanics of concen-

trated elastohydrodynamic contacts and of the behavior of 

lubricants used in them, which are the goals of this research, 

will be of value in the design of highly loaded machine elements 

such as gears, cams, and rolling element bearings. This 

knowledge should be an aid in improving the reliability and 

life of these components. It will also be applicable to the 

synthesis and formulation of lubricating materials to be used 

in these highly loaded components. 

III. RESEARCH COMPLETED 

The major effort of the research activity for the first 

year has been the further development of the elastohydrodynamic 

(EHD) lubrication simulation apparatus to permit more detailed 

study of the behavior of the lubricant in the thin film situation. 

This apparatus previously permitted a detailed mapping of the 

film thickness and the simultaneous determination of such 

lumped parameters as normal load, speed and traction. With the 

modifications discussed below we have already completed the 

capability to obtain a detailed mapping of the film and surface 

temperature by infrared radiation in the contact, extract a 

lubricant sample from within the contact, and have almost 

completed equipment for measuring the pressure profile in the 

contact. 



a. 	Infrared Radiation Temperature Determinations  

The determination of temperature by the measurement of 

infrared radiation from the elastohydrodynamic (EHD) contact 

is progressing well. We are now able to detect the IR radiance 

from a spot as small as 0.0014 inches in diameter in the EHD 

contact (contact diameters range from 0.01 to 0.02 inches). 

Since the IR microscope responds to all radiation collected 

by the objective within a specified solid angle, care must be 

taken to maximize the radiance contribution of the EHD film 

and to minimize those of the sapphire disk and the steel sphere, 

portions of which lie within the solid angle defined by the 

microscope objective. By using a sapphire disk of 0.010 inch 

thickness, the fraction of the total IR radiance emitted by 

the sapphire has been reduced to less than five percent. The 

chromium steel sphere without an oil film has an emissivity 

of 0.27. Based on experiments performed thus far, a substantial 

portion of the radiance detected in the EHD contact is known 

to originate at the sphere surface. 

Figure 1 shows the transient radiance response from the 

IR microscope when it is positioned at the EHD contact center. 

The 15 pound load (P H  = 150,000 psi) is applied in approximately 

80 milliseconds. The increase in IR radiance at the contact 

center above background radiation reaches a steady-state value 

as rapidly as the load. The apparent lead of the radiance 

curve may be due to the fact that the EHD film is established 

sometime prior to 0.020 seconds and during the remaining time 

the film thickness is changing relatively little. 
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a Function of Time 



Figure 2 shows a set of steady-state radiance data taken 

for a naphthenic fluid at three different sliding velocities. 

The EHD contact was scanned along two different axes as shown 

in Figure 2. It can be noted that the radiance rises sharply 

at one Hertz radius from the contact center; that the peak is 

reached just beyond the contact center; and that the radiance 

at the contact exit is significantly lower than at the peak, 

but also higher than at the contact inlet. 

The current emphasis in the IR investigations is to deduce 

the temperature in the EHD film from the IR radiance data 

obtained. This requires the determination of emissivity data 

for the bearing materials and fluid as a function of film 

thickness. Measurement of the ball surface emissivity is 

straight forward with the IR microscope. A technique has been 

developed to measure the emissivity of the lubricant film as a 

function of film thickness which employs a film of known thick-

ness trapped between two sapphire plates. The known thickness 

can be varied by varying the shim stock material used as a 

spacer between the plates. With this fluid cell between the 

IR microscope and a black body calibration device the absorptivity 

of the film can be measured. Then, knowing the reflectivities 

of the surfaces involved, the fluid emissivity can be calcu-

lated as a function of film thickness. The IR spectrum of the 

fluid has also been determined as a function of film thickness 

in the same cell. 
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Two techniques are being tried to separate and determine 

the IR radiation from the oil and the ball surface in the elasto-

hydrodynamic contact. The first technique is referred to as the 

two ball technique and uses two balls which are identical 

except for their surface emissivities. Measurements of film 

thickness and traction under identical conditions show the film 

formed is the same in each case. By mapping the IR radiation 

in each case and then comparing them, the radiation from the 

ball surface and the oil can be separated. Hence with the known 

emissivities these can be converted into temperatures. The 

second technique involves measuring the IR radiation from the 

contact with and without a filter. The filter is made of a 

sample of the lubricant trapped between two sapphire plates. 

The filter absorbs the radiation emitted by the oil. Hence 

the measurement permits the determination of the radiation from 

each the oil and the ball surface again yielding the temperature 

of each. This second technique is now being evaluated. 

In the near future an attempt will be made to measure 

the upper surface temperature by placing a thin metallic film 

between the sapphire and the oil and then measure the IR 

radiation from it. 

b. 	Pressure Mapping in EHD Contacts  

The pressure distribution in the EHD contact is of interest 

for three reasons. First, a knowledge of the pressure distri-

bution is necessary to calculate the maximum shear stress in 

the bearing material, which is believed to be a primary factor 

in surface fatigue. A comparison of the severity of pressure 
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gradients resulting from different fluids would be helpful 

in deciding which lubricants promote or inhibit surface fatigue. 

Second, the secondary pressure spike predicted in some analytical 

investigations has never been satisfactorily observed experi-

mentally. It is hoped that the proposed technique will even-

tually have sufficient resolution to confirm or deny the 

existance of the spike. Third, in attempting to predict film 

thickness and traction from fluid properties and bearing 

parameters, it is helpful to be able to use the measured 

pressure profile as opposed to assuming a Hertzian profile, 

as is typically done in EHD point contacts. Since the pressure 

levels in EHD contacts are high, the viscosity distribution 

needed for traction prediction is highly dependent on the 

pressure, as well as temperature profile. 

Because of the small area (typically <10 -3 in 2  ) of the EHD 

contact, existing pressure transducers are not suitable. The 

technique chosen determines the fluid pressure by measuring the 

force on an extremely small (.0035 inch diameter) piston located 

in a cylindrical hole in one of the bearing surfaces. As in 

the film thickness, traction, infrared temperature measurement, 

and fluid degradation experiments, one of the bearing surfaces 

is a stationary synthetic sapphire flat, while the other is a 

rotating chrome steel ball. The sapphire disk in the pressure 

mapping experiment is a commercial sapphire bearing of the type 

used in watch movements or miniature instruments. The sapphire 

bearing is approximately 1/16 inch diameter and has a 0.0035 

inch diameter orifice at its center. The piston is the point 

of a steel needle which has been lapped for a close fit in the 

sapphire orifice. 
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The pressure is then measured by restraining the motion 

of the piston with a force transducer. The system is designed 

such that at approximately 100,000 psi fluid pressure, the 

piston has moved only 0.001 inches. This amount of deflection 

is more than adequate for the associated instrumentation to 

monitor. The sapphire orifice can be moved around within the 

EHD contact area (typically .020 inch diameter) thereby allowing 

the pressure profile to be determined. 

This pressure transducer is to be calibrated by subjecting 

the sapphire orifice and piston to known pressures in an inde -

pendent test rig. Pressures as high as 100,000 psi can be 

generated and accurately measured in the apparatus available. 

The 0.0035 inch diameter piston/cylinder arrangement is 

the first attempt for this technique. At best, the resulting 

pressure profile will be a plot of the pressure averaged over 

a .0035 inch diameter circle. If this proposed system proves 

successful in indicating a reasonable averaged pressure profile, 

the system will be modified to use a 0.001 inch or less diameter 

piston/cylinder, thereby substantially increasing the resolution . 

c. 	Lubricant Degradation Investigations in EHD Contacts  

A knowledge of the temperature and pressure distributions 

and the kinematics of the bearing contact would normally be 

sufficient to determine a viscosity distribution in a Newtonian 

fluid or a shear thinning non-Newtonian fluid. However, an 

estimate of the energy input rate in an EHD contact (on the 
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order of 10 5 kcal/cm 3 -sec) indicates that there is a definite 

possibility for mechanical degradation (and subsequent perma-

nent viscosity loss) in high molecular weight polymeric lubri-

cants. Before the temperature and pressure distributions in 

the contact can be used to determine a viscosity distribution 

and subsequently predict a traction force, the extent of shear 

degradation, if any, must be determined. 

In order to determine whether shear degradation exists, 

a sampling system has been designed which will collect a portion 

of the lubricant which passes through the high shear regions 

near the center of the bearing contact. A gel permeation 

chromatograph will then be used to get a molecular weight 

distribution of the lubricant which has experienced this high 

shear stress (>10 9 dyne/cm2 ). This distribution will then be 

compared with the molecular weight distribution of the lubricant 

before entering the contact. If significant degradation is 

found to exist, an investigation will be made to determine 

the governing parameter(s) and the degree to which they influence 

the amount of degradation. 

The typical EHD contacts being studied in this laboratory 

are usually supplied with orders of magnitude more lubricant 

than actually goes through the high shear stress region of the 

contact. Limiting our attention to the .003-.004 inch wide 

track through the high shear stress region, lubricant flow 

rates are typically only of the order 10 -7  to 10-4cm3/sec. 
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The technique devised and now being tested involves the 

use of a sapphire bearing with a 0.0035 inch diameter orifice 

as one of the bearing surfaces of the EHD contact. This 

sapphire disk is of the same type as used in the pressure 

transducer described in the previous section. The technique 

consists of operating the bearing with the sapphire orifice 

located in the fluid exit region of the contact just inside the 

pressure region. The experiment is then run a sufficient 

amount of time to collect the sample in a well above the 

sapphire orifice. The minimum sample size needed for analysis 

is one microliter. 

Arrangements have been made with the research laboratories 

of the Dow Corning Corporation, Midland, Michigan, to supply 

monodispersed silicone polymers for investigation and to perform 

the gel permeation chromatography analysis on the recovered 

samples to determine the degree of degradation. 

IV. PERSONNEL 

a. 	Principal Investigators  

David M. Sanborn, Assistant Professor 

Ward 0. Winer, Professor 

Both principal investigators have directly partici- 

pated in this research and have supervised the work of 

the three graduate students listed below. In addition, 

the initial concept and the early development work for 

each of the measurement techniques described above are 

contributions of the principal investigators. 
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b. 	Graduate Students  

David T. Lee, Doctoral Student  

Mr. Lee has measured the IR radiance for several 

EHD bearing contacts as functions of position in the contact 

and time after load application. He has determined the 

emissivity of the bearing materials and both the IR 

spectrum and emissivity of the lubricant. In addition, 

he has set up experiments to evaluate the two temperature 

measurement techniques mentioned in Section III-a. of 

this report. 

Valentin Turchina, M.S. Student  

Mr. Turchina has designed and constructed the pressure 

transducer to be used in mapping the pressure profile in 

the EHD contact. In addition, Mr. Turchina has designed 

an apparatus to calibrate this transducer and is currently 

completing its construction. 

David L. Walker, M.S. Student  

Mr. Walker has designed and constructed the apparatus 

needed to extract the fluid sample from the EHD contact 

in the shear degradation portion of this investigation. 

He has also conducted preliminary tests with this equip-

ment to show its feasibility. 
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SUMMARY 

The variation of viscosity with pressure, temperature and shear stress 

has been obtained experimentally for a large group of lubricants at condi-

tions approaching those found in highly loaded (elastohydrodynamic) bearing 

contacts. It has been shown that many fluids thought to be shear thinning 

at high shear stresses are, in fact, Newtonian and that apparent viscosity 

losses can be attributed to viscous heating in the capillary. 

The sliding elastohydrodynamic point contact has been studied experi-

mentally in detail, with particular emphasis on the lubricant and bearing 

surface temperature profiles and the extent of molecular degradation 

resulting from extreme shear stresses. Temperature rises of 150 ° C are 

typical in the lubricant and degradation resulting in up to a 90 percent 

reduction in molecular weight is possible for high molecular weight fluids. 

Analytical investigations applying the lubricant rheological description 

obtained in the capillary viscometer have resulted in a general solution 

for rollers and approximate solutions for heavily loaded contacts in general. 



APPLICATIONS TO ENGINEERING AND TECHNOLOGY 

Because of the extreme importance of bearing reliability and low 

energy dissipation to the efficient operation of almost every mechanical 

device, any increase in an understanding of the mechanisms involved and 

the theology of the lubricants used will be beneficial. By obtaining a 

significant amount of theological data at the extreme conditions typical 

of bearing operation, less extrapolation of property data will be needed. 

By obtaining temperature and degradation data in an individual contact for 

the first time, researchers now know what extreme conditions to expect in 

these heavily loaded contacts. Finally, through both complete and approx-

imate analytical studies and the resulting dimensionless charts of the 

results, designers unable to perform individual experiments or comprehensive 

analyses, can now obtain estimates of the bearing performance. 
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RESEARCH AND RESULTS 

The research conducted was carried out in three phases. The first to 

be reported are the general rheological investigations of lubricants at 

extreme levels of pressure and shear stress. The second phase concerns the 

studies of the behavior of thin film bearings. In this investigation, thin 

film lubrication has been limited to elastohydrodynamic lubrication. Finally, 

the third phase of the research consists of attempts to incorporate the 

rheological findings of phase I to predict the performance of phase II. It 

is felt that only if the behavior of the lubricated contact can be predicted, 

can an understanding of the mechanisms and the proper selection of rheolo-

gical model be assured. 

I. Lubricant Rheological Studies at High Pressure and Shear Stress 

The lubricant rheology studies were conducted in a high pressure capil-

lary viscometer. The results of these investigations are given in detail 

in publications 1, 2, 7 and 8 of the Technical Papers prepared under Grant 

GK-31154 listed below (also attached as Appendix A). The objective of this 

phase of the research was to determine the effects of pressure, temperature, 

and shear stress on the viscosity of a wide range of lubricants at conditions 

as close as possible to those encountered in the elastohydrodynamic bearing 

contact. 

The high pressure capillary viscometer used in these studies had been 

used in previous investigations, but at lower values of shear stress. In 

the current investigations the upper limit on pressure was 0.69 GN/m
2  

(100 kpsi), with a shear stress range of 30 N/m
2 

to 4.8 MN/m
2 

and a viscosity 

range of less than 10
-3 

to more than 10
2 
 NS/m

2 
 (.1 to 10

3 
 Cp). The 
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temperature of the fluid sample was maintained constant at values ranging 

from -45 to 232 C, The extreme values of shear stress attainable were a 

result of using capillaries with very small length-diameter ratios to 

avoid the viscous heating problem prevalent at high shear stress measurements. 

By extending the pressure and shear stress capabilities, reliable data can 

be generated at conditions closed to those found in operating elastohydro-

dynamic contacts. 

In addition to generating pressure-temperature-shear stress-viscosity 

data, an analytical treatment of the heat dissipation problem in capillary 

viscometry was also undertaken. This study showed that previous viscosity 

data obtained at high shear stress for fluids which appeared to be shear 

thinning, were Newtonian and that the apparent viscosity decreases could 

be accurately predicted by properly accounting for viscous heating. 

The lubricants investigated experimentally included a wide range of 

typical and experimental lubricants. One class consisted of a series of 

fourteen siloxane fluids. These fluids were prepared and studied with the 

objective of determining the influence of the degree of polymerization and 

the influence of the size and nature of the side radical of siloxanes on 

the pressure-viscosity behavior. The range of methyl alkyl siloxanes 

investigated was representative of those most likely to be used as liquid 

lubricants or mechanical fluids. The viscosity at atmospheric pressure 

and the viscosity temperature variation both were found to increase as 

either the degree of polymerization or the number of carbon atoms in the 

alkyl side radical were increased. 

Varying the degree of polymerization or the number of carbon atoms in 

the alkyl side radicals had little effect (± 10 percent) on the pressure-

viscosity coefficient a which is believed to be of most importance for 

601 

	

	elastohydrodynamic lubrication. The range of degree-of-polymerization and 

size of side radical investigated includes those which might be expected 
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to be useful for lubrication applications. The pressure-viscosity coeffi-

cient a can be changed by changing the nature of the side radical on the 

siloxane chain. Thus if the side radical is hydrogen, as in the methyl 

* 
hydrogen siloxane, the a is reduced and if the side radical is a phenyl 

* 
group or a trifluoropropyl group the a is increased compared with the di-

methyl or methyl-alkyl siloxanes. The decrease of the pressure-viscosity 

coefficient a with increasing temperature reported for most of these fluids 

has been observed for several other fluids. 

The other fluids investigated in the capillary viscometer were investi-

gated at extreme shear stress levels. These fluids included a commonly 

used diester, a 50 cs dimethyl siloxane, a polyalkyl aromatic plus additive, 

a synthetic paraffinic oil and a blend of paraffinic mineral oil and high 

molecular weight (2 x 106
) polyalkylmethacrylate. 

The unblended hydrocarbon lubricants displayed Newtonian behavior up 

to a shear stress of about 4.8 x 10 6 
N/m

2
, (700 psi). This load is only a 

factor of 3-5 below the average shear stress which is experienced by the 

lubricant during passage of the high pressure zone of an elastohydrodynamic 

contact. High shear stress capillary tube viscometry is thus not far from 

the elastohydrodynamic conditions. The dimethyl siloxane showed shear induced 

nonliquid behavior at relatively high shear stress levels. The lubricant 

showed Newtonian properties when liquid behavior was displayed. The poly- 

mer blended lubricant showed distinct non-Newtonian properties at low shear, 

below a stress of 104 N/m2
, and shear induced nonliquid benavior at loads 

above this limit. The nonliquid behavior of the lubricants is possibly of 

importance for the ability to create a sufficient centerline film thickness 

in elastohydrodynamic contacts. No significant time dependent effects, for 

times >4 psec, were observed in the high shear measurements when the lubri-

cants under investigation showed liquid behavior. 



II. Experimental Studies of Elastohydrodynamic Contacts 

Studies of thin film lubrication were limited to sliding elastohydro-

dynamic contacts. This particular configuration was chosen because it is 

relatively simple to simulate and yet results in perhaps the most severely 

loaded of bearing contacts. Detailed discussion of the experimental tech-

nique, apparatus and results are found in publications 1,3,4 and 5 of the 

Technical Papers prepared under Grant GK-31154 listed below (see Appendix 

A). The operating conditions imposed at the bearing contact, formed by a 

steel sphere rotating and loaded against a sapphire flat, were a 67N load 

resulting in peak lubricant pressures of 1.0 GN/m
2 
and sliding velocities 

ranging from 0.3 to 12.5 m/s. The objective of these experiments was to 

determine the temperature distribution within the contact and to measure 

the extent of molecular degradation of typical lubricants as they passed 

through such a contact. As part of this work it was also necessary to 

obtain detailed film thickness and traction measurements. 

Temperature measuremtnts were obtained using an infrared micro-

detector to monitor the radiant energy emitted from the elastohydrodynamic 

contact. A combination of special filters and different emissivity spheres 

allowed the radiant energy contributions from the sphere surface and lub-

ricant film to be separated. Once emissivities were determined from cali-

bration experiments, the temperatures could be deduced. The apparatus had 

a spot size resolution of 36 pm diameter. 

Because of the extensive calibration procedures needed for each 

lubricant studied, a single naphthenic mineral oil was used in all inves-

tigations to date. Detailed ball surface and lubricant temperature maps 

were generated, but the temperatures of primary interest were those along 

the contact centerline and those at the minimum film thickness location, 

usually in the side lobe film thickness constriction. 

As a function of sliding speed, it was found that the peak ball 
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• surface temperatures along the contact centerline which occur just 

downstream of the contact center, increase with sliding velocity, but 

approach an upper limit of approximately 135 C at 12.5 m/s for a lubri-

cant supply temperature of 40 C. The lubricant temperature at this same 

location varies relatively little with sliding velocity, confined to a 

range of 175 to 195 C for velocities of 0.3 to 12.5 m/s. 

An interesting observation was made in cases in which the local film 

thickness within the contact approached the composite surface roughness of 

the contact surfaces. This was usually confined to the side-lobe constriction. 

(minimum film thickness) and resulted in film temperatures substantially 

higher than those observed along the centerline. This suggests that some 

mechanism other than viscous dissipation was acting to cause film tempera-

ture as high as 360 C. The most plausible explanation appears to be 

asperity interaction at these locations, although this has not yet been 

independently verified. 

The extent of lubricant degradation in the same sliding elastohydro-

dynamic contact has also been investigated. The lubricant was subjected 

to peak Hertz pressures of approximately 10
9 
N/m

2 
and average shear rates 

of 10
6 

to 10
7 
 s' 1. Small samples (10

-8m
3
) of test lubricant were extracted 

from the entrance and exit regions of the EHD contact. These samples were 

then analyzed to determine alterations in the molecular weight distribution 

and viscosity. Depending on the fluid being investigated the molecular 

alteration was determined by either ionization, infrared absorption or 

mass spectroscopy or gel permeation or gas chromotography. The alteration 

in viscosity was detected using a micro-capillary viscometer i  specially 

designed and constructed because of the extremely small lubricant sample 

size available. 

The fluids investigated had also been used in film thickness and 

traction experiments and had previously been studied in the high pressure 
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capillary viscometer. They included a paraffinic mineral oil with and 

without various high molecular weight polymer additives, a diester, a 

modified polyphenyl ether, and several siloxane fluids. Degradation resulting 

in up to a 70 percent reduction in viscosity and a 90 percent reduction in 

average molecular weight was found in fluids which had molecular weights of 

over 1000 before entering the bearing contact. In addition, a significant 

degree of correlation was found between molecular weight loss, viscosity 

loss and the energy dissipated in the contact. 

III. Bearing Performance Predication 

The objective of this phase of the research was to use the rheological 

data described in Section I, together with data previously obtained in this 

laboratory, to predict the operating characteristics of an elastohydrodynamic 

contact. Because of the analytical complexity of the point contact described 

in Section II, a complete solution of the problem has been limited to the 

viscous lubrication of rollers. In the first of these studies (Technical 

Paper 11, see Appendix A), only rigid cylinders were examined. The flow was 

assumed isothermal and the lubricant rheology was assumed completely defined 

by its compressibility as a function of pressure and by its viscosity as a 

function of pressure and shear stress. An iterative solution technique was 

developed and solutions covering a range of operating parameters and lubricant 

properties were obtained. It was found that the shear thinning fluids inves-

tigated resulted in a loss in load carrying capacity. The assumption of 

rigid cylinders was later relaxed. The results of this analysis covered 

a range of pressure-viscosity coefficients from 0.0 to 29(GN/m
2

)
-1

. It was 

found that centerline film thicknesses increase with load over certain ranges 

of load. As expected, the minimum film thickness decreased. Also, the 

secondary maximum in the pressure distribution was found at heavy load 

conditions. 



A simplified technique for predicting traction in an elastohydrodynamic 

contact was developed and results were compared with independent traction mea-

surements (Technical Paper 6, see Appendix A). In order to estimate the 

traction in a sliding contact the temperature distribution and resulting shear 

stress distribution, from the rheological model, must be obtained. The 

solutions are presented in the form of dimensionless design charts, thus 

allowing tracdon estimates without obtaining the full iterative solution to 

the EHD problem. Since the basis of the analysis is the flow between paral-

lel surfaces, accurate results can only be obtained for heavily loaded 

contacts. 

In a subsequent study (Technical Paper 12) the above technique was used 

to try to predict traction in the contacts described in Section II. As 

input, the rheology of the lubricant obtained from capillary viscometer data, 

along with measured film thickness and measured ball surface temperatures, 

were used. Prediction of the traction was good at high sliding speeds but 

not as accurate at lower speeds. The effect of variations in lubricant 

properties on traction was also determined. It was found that traction is 

strongly influenced by the inlet viscosity and the temperature-viscosity 

dependence, but only slightly influenced by the pressure-viscosity dependence. 

In order to make the technique useful to the designer, who usually cannot 

make film thickness and temperature measuremtnts, the technique has been 

modified to allow for the use of a film thickness formula and an iterative 

procedure for determining the ball temperature. 

1 
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Simulation of Severe Shear Conditions 
in Lubrication 

J. Jakobsen, D. M. Sanborn, and W. 0. Winer 
School of Mechanical Engineering, Georgia Institute of Technology 

ABSTRACT 

The importance of high shear conditions in automotive lubrication is discussed with respect to the 
influence on lubricant rheological properties. The distribution of shearing effects in lubricated 
components is also discussed. Two methods of simulating high shear conditions—an elastohydro-
dynamic lubrication simulator and a capillary viscometer—are presented, along with some data ob-
tained from them on polymer containing oils. 

■I LUBRICATION APPLICATIONS the lubricant is often 
ibjected to very high shearing stresses and shearing rates. It 
as long been known that under these conditions lubricants 
ay behave differently than is expected on the basis of low 
tear kinematic viscosity measurements. Three major effects 
. e expected and have been observed in lubricants under high 
tear conditions. These are viscosity decrease due to viscous 
ating, pseudoplastic viscosity decrease, and irreversible 

scosity loss due to molecular degradation. 
Viscous heating of the lubricant subjected to the high shear 
)nditions of lubricated contacts is to be expected because all 
e mechanical energy transmitted to the lubricant through 
lative motion of the solid surfaces is converted into thermal 
[erg, which increases the lubricant temperature and is con-
tcted away from the lubricant to the solid surface. Typically, 
bricants have low thermal diffusivities, but fortunately the 
ea-to-volume ratio of the film is usually quite high—which 
.:reases the heat transfer to the solid. Although the mea-
rement of the viscosity-temperature behavior of lubricating 
Is has been a mature field for many years, very little ex-
rimental work has been done to determine the temperatures 
lubricant films. 
?seudoplastic viscosity decreases associated with high shear 
:es have long been recognized in the lubrication community. 
iese are primarily associated with polymer containing 
)ricants such as multigraded motor oils. These materials 
ten sheared at constant temperature and pressure exhibit a 
cosity which decreases from a constant value over a range of 
v shear rates to another constant value at high shear rates 
mg what Wright (1)* has called a signoid or S-shaped curve. 

Numbers in parentheses designate References at end of 
)er. 

The two constant viscosity values are called the first and 
second Newtonian, respectively. The first and second 
Newtonian viscosities and the shear range over which the 
transition occurs are functions of the temperature, pressure, 
base oil, polymer type, molecular weight, and concentration. 
Although most lubricant specifications refer to the first 
Newtonian viscosity, most high shear lubrication conditions to 
which the lubricant is subjected are in the second Newtonian 
range. 

Molecular degradation of polymer containing materials 
invariably decreases the viscosity of the lubricant. The in-
crease in viscosity is dependent on the polymer-base oil 
solvent interaction, concentration, and molecular weight of 
the polymer. If the molecular weight of the polymer is de-
creased due to degradation, the viscosity of the solution is 
decreased. The degradation can be brought about thermally 
or mechanically. Our primary concern here is with mechan-
ical degradation resulting from subjecting the solution to high 
shear lubrication conditions. 

Although a number of papers have been published which 
relate to the high shear behavior of lubricants, only a few will 
be mentioned. In the area of pseudoplastic behavior of 
polymer containing lubricants Wright and Crouse (1) present 
correlations of viscosity with energy input rate showing the 
effect of polymer concentration and shear rate. Wright and 
Johnson (2) examined the viscosity-shear rate behavior of new 
and used multigraded motor oils and automatic transmission 
fluids (3). They found that the viscometric measurements 
made on a new fluid bear little relation to its characteristics 
over the majority of its operating life because of molecular 
degradation. They also found that is was not unusual for the 
high shear viscosity of the used oil to no longer meet the oil 
specifications, and suggest that measurement of the second 
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Newtonian viscosity of the used oil might be most definitive 
of oil behavior in service. Selby and West (4) have also 
published results on in-service motor oil shear degradation and 
find the degradation to occur in as little as 400 miles of 
driving. Unpublished work in our laboratory on commercial 
motor oil degradation in an engine is in agreement with the 
findings of Wright and Johnson (2) and Selby and West (4). 

Novak and Winer (5, 6) have published data on the viscosity 
of polymer-containing oils as a function of temperature, 
pressure, and shear stress. They found the pressure-viscosity 
characteristics of the second Newtonian to be similar to the 
first Newtonian. 

It has been suggested that the viscosity may be different in 
two directions in the same flow. That is, the viscosity might 
be low (second Newtonian) in the direction of primary shear 
but still be effectively the higher first Newtonian in the direc-
tion perpendicular to the primary shear. The argument is that 
the higher first Newtonian governs the leak rate out the ends 
of the bearing contact. However, the work of Vinogradov (7) 
showed that the high shear viscosity controlled the cross flow. 
His experiment was a concentric cylinder arrangement which 
also permitted simultaneous axial flow down the annulus. He 
showed that the viscosity corresponding to the highest shear 
rate controlled both the circumferencial and axial flows. A 
similar study by Tanner (8) indicates the same result. He also 
had Couette shear flow but with one surface oscillating, and 
again the viscosity corresponding to the highest shear con-
trolled flow in both directions. 

The field of mechanical degradation of polymers and 
polymer solutions has been extensively reviewed by Casale, 
Porter, and Johnson (9) recently. They show that, although 
mechanical degradation does occur in polymer solutions, it is a 
very inefficient process when viewed from energy considera-
tions. In some cases, the energy per mole required to break 
molecular bonds is as much as a million times the activation 
energy of C-C bonds. 

Many other high shear phenomena in lubricant rheology, in 
addition to the three discussed above, have been proposed in 
the lubrication literature, but most are still considered 
speculative in nature and are not discussed in this paper. The 
three phenomena discussed here, viscous heating, pseudo- 

plasticity, and mechanical degradation, are known to be 
significant to lubrication applications. 

TYPICAL CONDITIONS IN AUTOMOTIVE 
APPLICATIONS 

Fig. I contains a typical viscosity-shear rate curve for a 
polymer-containing automotive lubricant. The detailed nature 
of the curve depends on polymer type, concentration, and 
molecular weight as well as polymer base oil interaction, but 
this figure will serve the purpose for this discussion. With 
respect to shear rates, automotive lubrication conditions fall 
in the three regions marked A, B, and C in Fig. 1. Region A 
has low shear rates which occur in the oil pump inlet and 
drainage galleries and corresponds to the shear rates com-
monly encountered in kinematic viscosity measurements. 
Typically film thicknesses are large (> 1 cm). Behavior in this 
shear rate range is very important for lubricant circulation 
particularly at low temperature. This region is discussed 
extensively in other papers of this symposium and will not be 
considered further in this paper. 

Region B corresponds to what might be called typical hydro-
dynamic lubrication as occurs in crankshaft journal bearings 
and other hydrodynamic sleeve bearings in the engine or 
transmission. Depending on operating speed, the surface 
velocities range 100-400 in/s and film thickness typically is in 
the range of 0.001 in (0.002 cm), resulting in shear rates of 

1-5 X 10 5 s- 1 . Shear stresses will be about 0.3-2 X 10 5 diem -. 
Region C corresponds to elastohydrodynamic lubrication 

(EHD) conditions such as might be expected in gears, cams, 
tappets, and other concentrated load contacts in the system. 
These are mechanically the most severe conditions to which 
the lubricant is subjected in automotive applications. The 
surface velocities of these contacts are about the same or some-
what lower than those of the journal bearing, but the film 
thicknesses are typically 100 times smaller, resulting in a shear 
rate 100 times larger. Shear stresses are not as easily estimated 
for EHD conditions because the pressures are very high caus-
ing an increase in viscosity, but EHD experiments (10) done 

in our laboratory suggest that average shear stresses are 10 8 

dynes/cm 2. 
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Fig. 1 - Flow curve for a typical polymer containing motor oil - 
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Fig. 2 - Simplified model of a lubricated contact 

SEVERE SHEAR CONDITIONS 61 

The Casale et al. review article (9) mentioned above indicates 
that workers have tried to correlate mechanical degradation 
with shear stress times reciprocal absolute temperature for a 
given polymer solution. Except for very high molecular weight 
polymers, not of interest in automotive lubricants, little if any 
degradation occurs in region A. Mechanical degradation can 
occur in either region B or C and the extent of degradation 
depends on many factors. Table 1 compares shear rate, shear 
stress, and energy inputs for regions A, B, and C in Fig. 1. To 
calculate the energy input to the fluid a simple model of the 
lubricated contact is assumed and shown in Fig. 2. The shear 
stress, shear rate, and thickness (h) of the shaded volume of 
lubricant have already been discussed for each regime and are 
entered in Table 1. The.energy dissipation rate per unit 
volume is simply the shear stress times the shear rate and it too 
is entered in Table 1. However, what is more important for 

I mechanical degradation is the energy dissipated per unit mass 
of the fluid passing through the volume. This is obtained by 

multiplying the dissipation rate per unit volume times the 
volume and divided by the mass flow rate through the volume. 
Finally, the energy dissipation rate per gram-mole is obtained 
by multiplying by the molecular weight. Both of these values 
are entered in Table 1. 

Also listed in Table 1 are typical energies per gram-mole of a 
typical mineral oil and a high polymer used as a polymer 
thickener. if one recalls that the activation energy for a g mole 
of carbon-carbon bonds is 80 kcal, it is not surprising that 

Table 1 - Typical Conditions in Lubrication Regimes as Relating to Mechanical Degradation of Lubricants 

Regime 

Variable 

A 
Low 
Shear 

B 

Hydrodynamic 
Lubrication 

C 
Elastohydrodynamic 

Lubrication 

-y = shear rate 

r = shear stress 

ry = energy in-
put rate per 
volume 

2 rl 	energy input 

<10 3 

 <103  

<106 

<10
3 

(MW) x 10
3 

< (MW) X 10 7 

<10 -4 
 

<10-2 

1 - 5 X 10 5 

0.3 - 2 X 10 5 

1 - 10 x 10 10 

 0.3 - 2 X 108 

(MW) x 10
8 

(MW) x 10-2  

7 

10 3 

2 - 20 X 106 

10 8  

2 - 20 X 10 14 

10 13 

(MW) x 10 13 

 (MW) x 103 

106. 

o 

	

ph 	mass flow 

	

2r(MW) 	energy input 

ph 	g • mole of lub 

2r(MW) 	energy input 
ph 	g 	mole of lub 

2r(MW) 	energy input 

ph 	g • mole of lub 
(for typical 
mineral oil of 
MW 700 awu* 

2r(MW) 	energy input 

ph 	g 	mole of lub 
(for high 
polymer MW = 

10 s awu) 

*MW = molecular weight 
awu = atomic weight units 

Units  

s-1 

dynes 

cm 2  

dyne cm 
3 cm s 

dyne cm 

g 

dyne cm 

g mole 

kcal 

g - mole 

kcal 

g • mole 

g • mole 

kcal 
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some degradation occurs in region C and possibly even in 
region B. 

In fact, what is surprising when viewed in light of the num-
bers in Table 1, is that more degradation does not occur. 
However, in the review paper by Casale et al. (9) several 
studies on the mechanical degradation of polymers are cited 
which indicate that mechanical degradation is a very inefficient 

process, requiring as much as a million times (10 6) more 
energy than the activation energy for the bond. Clearly, in the 
EHD areas (regime C) some mechanical degradation is to be 
expected and it is probably these (EHD) conditions which 
cause the degradation observed in the engine tests of Wright 
and Johns an (2, 3) and Selby and West (4). 

In automotive applications very small flow rates pass through 
the EHD contact and then mix with the bulk oil. Also, the 
fluid is in the EHD contact for a very short time (typically 
less than 1.0 ms). Automotive applications differ in both of 
these ways from most polymer degradation studies where 
homogeneous continuous shear is usually 'applied. 

Further study of the flow rates through the various flow 
regions in the automotive applications is necessary to under-
stand and model shear degradation in automotive lubricants. 
With this understanding one should develop an ability to im-
provise bench tests and appropriate specifications. 

ELASTOHYDRODYNAMIC (EHD) SIMULATION OF 
HIGH SHEAR BEHAVIOR OF LUBRICANTS. 

The EHD conditions referred to above as regime C can be 
simulated in a laboratory apparatus. The schematic of such a 
device is shown in Fig. 3. This apparatus has been used in our 
laboratory for several years and details are reported in the 
literature (10). The system consists of a rotating steel sphere 
loaded against a stationary sapphire flat with the lubricant 
entrapped between the sphere and the flat. By optical inter-
ference between the sphere and the sapphire, the film thick-
ness can be measured. The traction transmitted between the 
two surfaces through the lubricant film can also be measured 

Sapphire  Disk  

Fig. 3 - Schematic of elastohydrodynamic lubrication simulator 

Fig. 4A - EHD film thickness-speed relation for blended oils 
	 U (inisec) 
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100°  F 

Fig. 4B - El-1D traction-speed relations for blended oils 
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as can the load being supported by the film. The conditions 
to which the lubricant is subjected in this device are very much 
like those that occur in gears, cams, tappets, and possibly 
piston rings in automotive applications, and are essentially the 
conditions listed as region C in Table 1. 

Several polymer solutions in mineral oils similar to multi-
grade motor oils have been examined in this device. Also, 
several bulk polymers that are used as synthetic lubricants 
have been examined. 

Elastohydrodynamic theory (11) indicates that the only 
important fluid properties are the atmospheric pressure low 
shear viscosity, go , and the pressure-viscosity coefficient, a, 

which is the logarithmic derivative of viscosity with respect to 
pressure at atmospheric pressure. The film thickness in the 
center of the contact is expected to vary with the 0.6 power 
of the product of these two properties and the surface 
velocity. 

Fig. 4A shows measured film thickness as a function of slid-
ing speed for a load of 15 lb for several polymer solutions. 
The description of the fluids is given in Table 2. This load 
corresponds to a maximum film pressure of about 150,000 psi. 
Fig. 4B contains the measured traction coefficients for the 
same fluids and conditions. The most striking aspect of these 
data is that neither the film thickness nor the traction are 
affected by the presence of the polymer in the oil. The 
behavior of the polymer solutions is essentially that of the 
base oil from which the solution was made, in spite of the 
increased kinematic viscosity of the solution over the base oil 
of as much as five times. 

The energy dissipation in these films does not vary greatly 

with sliding speed and is of the order of 10 8  kcal/g - mole of 
polymer. Clearly mechanical degradation of the polymer 
should be expected even though the average fluid particle is in 
the high shear zone for about 0.6 ms. In fact, the film thick- 

Table 2 - Sample Description and Properties 

Viscosity at 
Atmospheric 

Pressure Viscosity 
Coefficient at 

Atmospheric 
Pressure and 

Pressure and 100° F,* 

Identification 

100°  F, 

110 , a oT  X 104 , 

Symbol cP psi— 1  Description 

B 29 1.31 Paraffinic base oil 

C 65 1.21 B + 4% wt. PAMA (MW = 5.6 X 10 5 awu) 

D 140 1.15 B + 8% by wt. PAMA (MW = 5.6 X 10 5  awu) 

105 1.39 B + 4% by wt. polyalkylstyrene (MW = 

3.7 X 10 5 awu) 
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ness and traction measurements suggest that the polymer is of 
little value in this situation and may be very degraded. 

Because of the above results, we have recently undertaken a 
study which will permit a more detailed study of fluid degrada-
tion in EHD contacts. The EHD simulator described above 
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3 has been modified by putting a 3 X 10 in diameter hole in 
the sapphire surface, which can he moved into the high-
pressure region, permitting a sample of the sheared fluid to be 
removed for analysis. The quantity of fluid passing through 
the contact. is so small that it is difficult to detect degradation 

Displacement 
Transducer 

Fig. 5 - Schematic of pressure viscometer 
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Fig. 6 - Flow curves for base oil and polymer blended oils 
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it the bulk sample except for very lung run times. All the 
sample removed through the hole has been subjected to the 
high energy dissipation field and should permit easy detection 
of mechanical degradation. Thus far, two proprietary materials 
have been examined. One was of relatively low molecular 

weight (about 500) which showed no signs of molecular 
degradation when sheared and unsheared samples wete 
analyzed. The second sample was of higher molecular weight 
and had a wide molecular weight distribution with peaks at 
about 16,000 and 40,000 atomic weight units. Upon detailed 
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tl 
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Fig. 8 - Viscosity-shear stress behavior at high shear 

stress with viscous heating 
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analysis of the sheared and unsheared sample in this case, it 
way found that the higher molecular weight peak was gone in 
the sheared sample suggesting extensive mechanical degrada-
tion had occurred. These studies are continuing on other 
materials some of which are similar to automotive multigraded 
oils and the results will be published subsequently. 

SIMULATION OF HIGH SHEAR IN A 
CAPILLARY VISCOMETER 

The conditions to which the lubricant is subjected in the 
EHD simulator described above are very nonuniform with re-
spect to pressure temperature and shear stress, and are tran-
sient in nature. Consequently, the EHD simulator is not suit-
able for viscometric determinations. For this reason, a high 
shear high pressure capillary viscometer was developed in this 
laboratory (5, 6). The objective of this effort is to simulate• 
the, high pressure and high shear stress conditions of the El-ID 
contact in a well-defined viscometric flow so the fluid re-
sponse to those conditions can be measured. A schematic of 
the viscometer is shown in Fig. 5. It is a capillary type vis-
cometer with pressure applied to both ends of the capillary. 
Flow is accomplished by a pressure difference across the 
capillary which is small compared to the pressure level. The 
pressure difference is the result of moving the translating pis-
ton along the high-pressure pistons. The pressures are mea-
sured by strain gage pressure transducers and the flow rates 
are measured by the displacement of the translating piston 
along the pressure piston. The capillary is interchangeable to 
allow different length-to-diameter ratios (LID) to be used. 
More details on the instrument can be found in reference 5. 

The fluids listed in Table 2 have been investigated in the 
pressure viscometer. The viscosity of fluids as a function of 
shear stress are shown in Fig. 6 at a pressure of 20,000 psi. 
The viscosity pressure data for the base oil, and the first and 
second Newtonian of the polymer blend are shown in Fig. 7. 
The pressure viscosity slope at the first and second Newtonian 
condition is the same, but they depend on the polymer base 
oil combination. The ratio of first-to-second Newtonian vis-
cosity is nearly constant over the pressure range, as indicated 
by the curves being parallel in Fig. 7. However, by the same 
reasoning, the ratio of either first or second Newtonian vis-
cosity to the viscosity of the base oil changes with pressure 
for the styrene polymer solution. 

The viscometer has recently been modified to permit higher 
shear stresses. By using capillaries with smaller L/Ds, higher 
shear stresses can be obtained with less viscous heating. By 
maintaining small Reynolds numbers in the flow, entrance 

length effects can be minimized. Capillaries of 1.35 LID have 
been used with several fluids. Some of the results on one fluid 
are shown in Fig. 8. The smaller L/D of the capillary permits 
higher shear stresses before viscous heating reduces the ap-
parent viscosity through an increase in temperature. It is rea-
sonable to conclude that even the apparent viscosity reduction 
shown in the highest shear stress curve is due to heating be-
cause fluids with the largest viscosity-temperature dependence 
show the greatest reduction and vice versa. 

Shear stresses comparable to those in EHD contacts are still 
7-10 times those obtained in the viscometric experiments. 
However, within the high shear stress range that can be mea-
sured, it appears that for lubricants viscous heating is inoie 
important than non•Newtonian effects in lowering the effec-
tive viscosity. For polymer solutions, this shear stress range is 
already within the second Newtonian range. 

Shear degradation probably occurs in the viscometer but is 
difficult to detect because only a very small fraction of the 
total sample is subjected to the high energy inputs in the non-
homogeneous stress field of the capillary flow. Low shear rate 
viscosity which gives a measure of degradation has not been 
found to change after approximately 100 viscometric measure-
ments on a sample. 

Of possible interest to the automotive field are measure-
ments of pressure-viscosity with this instrument on gasoline, a 
paraffinic oil and a 50-50 mixture of them (12). 

DISCUSSION AND CONCLUSIONS 

High-shear conditions in automotive lubrication applications 
play an important role in lubricant rheological behavior. High 
shear can result in viscosity reductions due to viscous heating, 
pseudoplastic shear thinning, and irreversible molecular degra-
dation. 

We need to learn more about the conditions to which the 
lubricant is subjected in the system being lubricated with 
particular emphasis on energy dissipation rates and lubricant 
flow rates because these will determine the degradation in the 
lubricant and the rate at which the degraded lubricant will 
dilute the bulk of lubricant in the system. Only by under-
standing these factors will it be possible to develop meaningful 
bench tests and specifications for evaluating lubricants for 
these applications. 

It may be impossible to develop high polymer automotive 
lubricant additives which do not degrade to some extent under 
the EHD conditions in some parts of engines and transmis-
sions, but by understanding the factors involved we can de-
velop bench tests and meaningful specifications to aid the user 
and lubricant developer in avoiding any problems which may 
arise. 
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I Pressure Viscosity Characteristics of a 
Series of Siloxane Fluids 
The viscosity-pressure-temperature behavior of a series of 14 siloxane polymers is re-
ported. The series of fluids includes a range of degree of polymerization and of size 
and nature of side radicals. The variations span the range of siloxane fluids currently 
available and considered as possible lubricants. The major conclusion is that the 
pressure viscosity coefficient considered important to elastohydrodynamic lubrication is 
only influenced by changing the nature of the side radical and not by the degree of poly-
merization or the size of alkyl side groups on the siloxane chain. 
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Introduction 

S ILOXANE fluids are employed in many mechanical 
fluid applications and as lubricants. They are used as fluids in 
dash pots, shock absorbers, liquid springs and hydraulic systems, 
and as lubricants in rolling element bearings and in some sliding 
elements systems, depending on the materials involved. They 
have the desirable characteristics of a wide temperature range of 
applicability, small viscosity change with temperature compared 
with most lubricants, and are available in a wide range of viscosi-
ties. Dimethyl siloxane fluids, the most common member of the 
siloxane family, have the disadvantage, when unformulated, of less 
than desirable performance as a lubricant for highly loaded steel-
on-steel sliding contacts. To improve performance of siloxanes 
under these conditions silicone additive technology has been 
developed 111 1  and silicone molecular structure changes have 
been introduced [2, 3, 4, .5]. 

In highly loaded lubrication applications minimum wear and 
low friction are best attained when an elastohydrodynamic mode 
of lubrication is maintained. The most important fluid proper-
ties influencing its performance in an elastohydrodynamic lub-
rication situation are viscosity and the variation of viscosity with 
pressure and temperature. These characteristics are also im-
portant in other applications such as liquid spring systems, 
shock absorbers, and to some extent hydraulic systems. 

The purpose of the study reported in this paper was to deter-
mine the relationship between the molecular structure of a series 
of siloxane fluids and their viscosity variations with pressure and 

1 Numbers in brackets designate References at end of paper. 
Contributed by the Lubrication Division of THE AMERICAN SOCIETY 

OF MECHANICAL ENGINEERS and presented at the ASLE-ASME 
Joint Lubrication Conference, Atlanta, Ga., October 16-18, 1973. 
Manuscript received by the Lubrication Division, July 2, 1973. 
Paper No. 73-Lub-33.  

temperature. It is expected that the results will be of value in 
the synthesis and selection of siloxane fluids for lubrication ap-
plications. A series of 14 siloxane polymer fluids, within which 
both chain length and side radical were varied, investigated in a 
pressure viscometer. Data on two siloxane fluids previously 
investigated in our laboratory [6] are included for completeness. 

Experimental Fluids2 
Table I lists the fluids for which data are reported. Fluids 1-15 

were made available for this study, while fluids I and J were 
previously investigated [6]. Fluids 1-10. were specifically 
synthesized for this study, while fluids 11-15 and I and J were 
standard production fluids. "Fluid" 5 was a solid at room tem-
perature and atmospheric pressure and no viscosity data was ob-
tained for that fluid. 

All the fluids are siloxane polymers with the general structure 
shown in Fig. 1. 

The nature of the side radical, R, and the degree of polymeriza-
tion (DP), n, for each fluid are shown in Table I. 

From Table I it is seen that the fluids include: (a) a series of 
fluids of constant degree of polymerization (DP = 35) with in-
creasing length of side radical; fluids 11, 8, 9, 6, 2, 7, 5, respec-
tively, (b) a series with constant side radical, octylmethyl, and 
increasing DP; fluids 1, 3, 10, 4, 9, respectively, (c) a series of 

2  The experimental fluids were synthesized, identified and supplied 
by the Dow Corning Corporation, Midland, Mich, 
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Table 1 Definition of experimental fluids 

Identifi- 
cation 

number Description 

Degree of 
polymer- 
ization 

1 Octylmethyl siloxane (C 8 irCH3) 4 to 5 
2 Dodecylmethyl siloxane (C 12H23-CH3 ) 35 
3 Octylethyl siloxane (C81-117-CIL) 12 
4 Octylmethyl siloxane (C8 1-117-CH3 ) 25 
5 Hexadecylmethyl siloxane (C16113a-C1-13) 35 (solid) 
6 Decylmethyl siloxane (Clonal-CIL) 35 
7 Tetradecylmethyl siloxane (C uI lit9-C113 ) 35 
8 Hexylmethyl siloxane (C ellirCH3 ) 35 
9 Octylmethyl siloxane (C 8 1-1,7-CH3 ) 35 

10 Octylmethyl siloxane (C0H1rCH 3 ) 20 
11 Methyl hydrogen siloxane (H-CH 3 ) 35 
12 Dimethyl siloxane (CIL-CH 3 ) 43 
13 Methyl-phenyl siloxane (CHrC 6H 5 ) 12 
14 Methyl-phenyl siloxane (C113-C6H6) 18 
15 Dimethyl siloxane (CH 3-CI13 ) 240 
I Dimethyl siloxane (CH3-C11 3 ) 70 
J Methyl-trifluoropropyl (CII 3-C2H2F3) 30 

dimethyl fluids with increasing DP; fluids 12, 1, 15, respectively, 
and (d) a set of fluids where the side radical R was not an alkyl 
group, fluids 11, 13, 14, and J. But for a small difference in DP 
(43 versus 35), fluid 12 could also be included in the first series 
above. This set of fluids permits the determination of the effect 
of the degree of polymerization, and the size and nature of the side 
radical on the pressure-temperature-viscosity characteristics of 
siloxane fluids. 

Fluid 7 had a viscosity somewhat lower than would be expected 
for it when compared to the rest of the DP-35 group of fluids. It 
was found by gas chromatography analysis that this sample had 
3 percent unreacted olefin CHHas present. This material was used 
in synthesizing fluid 7 from a methyl hydrogen siloxane similar to 
fluid 11 and the unreacted material was not adequately distilled 
from the sample. This diluent is expected to reduce the 25 C 
viscosity 500 to 1000 cs (3 to 10 X 10 -4m2/sec) but have little 
effect on other physical properties of the sample. It becomes in- 
creasingly difficult to remove the unreacted olefins as the size of 
the side radical increases. Therefore, fluids 2 and 10 [(CialinCH3- 
Si0)„ and (Cidf2,CH,Si0)., respectively] were also checked by 
gas chromatography, but no residual olefins were found in them. 

Experimental Apparatus 
A high pressure capillary viscometer was employed which has 

been reported in detail elsewhere [6]. The viscometer is shown 
schematically in Fig. 2. The upper pressure limit of the device 
is 6.89 X 108  N/m 2 (100 kpsi), the shear stress range is from 30 to 
1.2 X 106  N/ma (300 to 1.2 X 108  dyne/cm 2 ) and the viscosity 
range is from somewhat less than 1 to more than 10 8  centipoise. 
The temperature of the fluid sample is controlled by a constant 
temperature bath and can be varied from —45 to 232 C. 

Referring to the schematic in Fig. 2, the test fluid is contained 
in reservoirs R1 and R2 and in the high pressure tubing connecting 
the two reservoirs to the test section which contains the capillary. 
The test section is immersed in the constant temperature bath. 
The fluid in the test section is pressurized by pumping low pres- 
sure hydraulic fluid into cavity I and venting cavity II. The 
high pressure is generated by an intensifier which has a 50 to 1 
area ratio between piston P1 and the high pressure piston P2. 
Flow through the capillary is caused by moving the translating 
piston along the two high pressure rams. Movement along these 

Disaiacemen 
Transducer 

Fig. 2 Schematic diagram of high pressure viscometer 

0 

Pressure 
Fig. 3 Reduced viscosity pressure isotherms for octylmethyl fluids 
[1, 3, 4, 9, 101 ot 37.8 C, 99 C, and 149 C 

rams is measured by a displacement transducer which when re-
corded as a function of time indicates the volumetric flowrate 
through the capillary. Care must be taken to insure that no 
test fluid initially outside the constant temperature bath passes 
through the capillary during the time measurements are being 
made. 
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Table 2 Measured viscosity and density of experimental fluids at atmospheric prossur. 

Maximum 
pressure' 

Fluid 
Tempt 

(C) 
m'/sec 
X 10' 

Viscosity' 
W sec/in' 

X 10' 

Density' 
kg/m' 

X 	10 - '1  

for viscosity 
measurements 

[N/m9 X 10 -7  

1 25 25.2 22.2 0.880 
37.8 17.4 15.2 0.871 54.6 
99 5.01 4.15 0.829 51.6 

149 2.73 2.18 0.799 54.0 
2 25 8856 7935 0.896 

37.8 5282 4690 0.888 15.7 
99 1026 870 0.848 18.4 

149 455 372 0.818 21.4 
3 25 105 94 0.895 

37.8 62.1 55 0.886 55,2 
99 15.8 13.4 0.846 48.3 

149 8.24 6.72 0.816 55,3 
4 25 770 692 0.899 

37.8 485 433 0.891 50.4 
99 100 86 0.859 53.4 

149 52 43 0.823 54.0 
5 No Data -- -- 
6 25 2390 2153 0.901 

37.8 1467 1310 0.893 35.8 
99 302.5 258 0.853 47.4 

149 144 118 0.818 48.0 
7 25 3390 2983 0.880 

37.8 2035 1775 0.872 3.6 
99 384 320 0.883 ' 3.6 

149 171 137.5 0.803 3.6 
8 25 1895 1743 0,920 

37.8 1217 1110 0.912 34.7 
99 299 260 0.870 34.1 

149 179 125 0.837 54,3 
9 25 1864 1683 0.903 

37.8 1212 1085 0.895 42.3 
99 274 235 0.856 53.7 

149 131 108 0.825 54.0 
10 25 373 337 0.904 

37.8 239 214 0,896 54.3 
99 55 47 0.856 53.8 

149 26.3 21.65 0.823 54.9 
11 25 33 33 0.999 

37.8 26.6 26.2 0.986 55.2 
99 12.5 11.55 0.925 55.2 

149 8.35 7.31 0.875 53.9 
12 25 50 48 0.954 

37.8 41.5 39.1 0.943 54.4 
99 17.0 15.2 0.894 54.9 

149 8.6 7.31 0.850 56.3 
13 25 441 483 1.096 

37.8 238 259 1.087 14.7 
99 33.0 34.5 1.045 14.2 

149 13.75 13.87 1.009 14.0 
14 25 85 89 1.050 

37.8 58.8 61,2 1.040 27.3 
99 17.5 17.4 	. 0.994 32.7 

149 8.62 8.25 0.957 29.3 
15 25 484 470 0.971 27.9 

99 188 170 0.906 27.6 
I 25 106 103 0.906 

37.8 82.7 79.2 56.1 
99 33.8 30.6 49.4 

J 25 135 166 1.23 
37.8 77.2 95.0 1.17  35.4 
99 14.4 16.9 42.8 

(1) 2:5 C = 77 F, 37.8 C = 100 F, 99 C = 210 F, 149 C = 300 F 
(2) Multiply m 2/sec by 10' to get cs; multiply N sec/m 2  by 10 -2  to get cp. 
(3) Multiply kg/m3  by 10 -3  to get gm/cc. 
(4) Multiply N/m2  by 1.45 X 10 - ' to get psi. 

The test section consists of standard high pressure tubing with 
a stainless steel capillary tubing pressed into it. The capillary 
tubing has a nominal I.D. of 2.54 X 10 - 'm (0.01 in.). Several 
interchangeable capillaries of differing lengths were made so that 
a range of length-to-diameter ratios were available. This per-
mits one to cover a wide range of shear rates and shear stresses 
with the instrument. The capillary diameters were determined 
in the usual manner of viscometry by calibration with viscosity 
standards. 

The pressure level and pressure drop 'across the capillary were 
measured with commercial strain-gage pressure transducers in-
dicated by Gl, G2, and G3, in Fig. 2, respectively. The electrical 
signals of G2 and G3 were nulled, through electrical balancing, at 
the pressure level of interest. Then, by amplifying the signals 
from these transducers through high gain d-c amplifiers small 
fluctuations of pressure about the pressure level were detected 
with considerable accuracy. 

The signals from the three pressure transducers and the dis- 
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placement transducer were recorded continuously as a function of 
time. This enables one to use only steady state behavior when 
deducing the viscosity of a fluid. 

A detailed discussion of the calibration procedure, accuracy 
and viscornetric limitation of the apparatus has been pub- 
lished elsewhere [6]. 

Experimental Measurements Performed 
Two types of viscosity data were obtained for each fluid. 

Viscosity pressure isotherms were obtained at 37.8 C (100 F), 99 C 
(210 F), and 149 C (300 F). These were all taken at shear stresses 
of approximately 4 X 10 3  N/m 3. The second set of data was 
taken at 37.8 C (100 F) and pressures of approximtely 6.8 X 10 7 

 and 13.8 X 107  N /m 2  (10 and 20 kpsi) (for fluid 12 these were also 
made at 20.7 X 10 7  and 32.4 X 10 7  N/m 2  (30, 47 kpsi)) and for 
varying shear stresses from 4 X 10 3  to 1.5 X 105  N/m 2. The 
first set was to determine the relationship of pressure-temperature 
viscosity behavior and molecular structure, and the second set was 
to assess the extent of non-Newtonian pseudoplastic shear thin- 
ning at elevated pressure as it relates to molecular structure. 

Kinematic viscosity and density at atmospheric pressure and 
temperatures of 25 C (77 F), 37.8 C (100 F), 99 C (210 F), and 
149 C (300 F) we measured according to ASTM Methods 
D-445-65 and D-1217-54, respectively. These data along with 
the maximum pressure for which pressure-viscosity data were 
obtained for each fluid are shown in Table 2. 

A very large body of data has been collected and space permits 
only the presentation of the more significant parts of it. 

Experimental Results 
The experimental pressure viscosity data are presented in 

several ways. Fig. 3 displays the reduced viscosity (i.i(p)/p.o ) 
pressure isotherms for the octylmethyl fluids (1, 3, 4, 9, 10) at 
37.8, 99, and 140 C, respectively. The difference between these 
fluids at each temperature is so small it would be difficult to dis- 
tinguish between them on these graphs. Fig. 4 (a,b,c) and Fig. 
5 (a,b,c) are similar to Fig. 3 but for the DP-35 fluids and fluids 9, 
11, 13, 14, J respectively. Figs. 3 and 4 at 37.8 and 149 C are 

r 
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Fig. 4(c) Reduced viscosity pressure isotherms for DP-35 fluids (2, 6, 7, 
8, 9, 11, 12) at 149 C 

almost identical except for Fluid 11 at 37.8 C and Fluid 12 at 149 C 
as seen from Fluid 9 which is on each figure for comparison. It 
is clear from these data that neither the degree of polymerization 
nor the size of the alkyl side radical have much influence on the 
low shear rate reduced viscosity pressure behavior even though 
they do influence the viscosity level, viscosity-temperature de-
pendence, and viscosity-shear dependence. However as seen 
from Fig. 5 (a,b,c) if the nature of the side radial Ft. is changed 
from an alkyl group to hydrogen, phenyl, or trifluoropropyl the 
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reduced viscosity pressure behavior changes considerably. If the 
alkyl group is replaced with hydrogen, the effect of pressure and 
t emperature upon viscosity is reduced (i.e., fluid 11). While if 
the alkyl group is replaced by a bulkier group such as phenyl 
(fluids 13 and 14) or a trifluoropropyl group (fluid J ) the effect 
of pressure and temperature upon reduced viscosity is consider-

, ably increased. The higher phenyl content gives the greater 

viscosity-pressure dependence (Fluids 13 versus 14). However, 
RS the temperature is increased the pressure dependence of vis-
cosity decreases such that at 149 C there is relatively little differ-
ence among any of the 15 fluids for which data was taken at that 
temperature. 

In elastohydrodynamic lubrication the pressure viscosity char-
acteristics are important. However, there is little agreement on a 
method of expressing this characteristic in a concise and meaning-
ful fashion. There are several methods available. Traditionally 
the slope of the tangent to the isothermal log viscosity versus pres-
sure curve at atmospheric pressure has been used (aor). However, 
there is an increasing interest in a•. We tend to prefer the latter 
since it takes the entire pressure-viscosity curve into account. 
Table III contains these two pressure-viscosity parameters at 
each temperature for the fluids examined. 

aor, although most commonly used for elastohydrodynamic 
correlations, is the most difficult to obtain from experimental 
pressure-viscosity data. To obtain aor one must differentiate 
experimental data at one end of the range of experimental data, a 
procedure which lends itself to considerable uncertainty of the 
result and which makes the result strongly dependent on the 
accuracy of only a few data points. a*, however, is obtained 
from integrating the experimental data over the entire range of 
variables, a procedure which lends itself to increased accuracy 
and makes as less dependent on the accuracy of any individual 
data points. In addition a* is actually the material property 
which occurs in an isothermal elastohydrodynamic analysis as 
pointed out by Blok [7] and Roelands [8] and comes from the 
Weibull transformation [9], for considering the effect of pressure 
dependent viscosity in hydrodynamic analysis. 

The pressure viscosity coefficients, aor and a*, are functions of 
temperature and almost invariably decrease with increasing tem-
perature. It has been found empirically that a good relationship 
between temperature and a• is the In a* versus T relationship. 
Fig. 6 contains plots of In a* versus 7'. The tendency of the 
pressure-viscosity behavior of all the fluids to approach one an-
other as temperature increases is also seen in Fig. 6. Data for 
fluid 7 should not be weighed to heavily because it solidified in 

414 / JULY 1974 
	

Transactions of the ASME 



52
9 
x 

300 

x 
rr 

20 

150 
10 
8 ,_ 100 

17=-45 

is 60 

30 2 

15 

n 
r 

J 
8 = 

___,de 

m 
Nike.- 
likkh■ _____n_ 

_ 	8 

, t 1 
a 100 	o_ 	200 300 

the viscometer at 4.9 X 10 7  N/m 2  (7 kpsi) and room temperature. 
Hence the data on fluid 7 is limited to pressures below 4.9 X 
107  N/m2 . 

Fig. 7 is a plot of the a* at 37.8 C as a function of the degree of 
polymerization (DP). Fig. 7 shows once again that the effect. of 
DP or size of I he alkyl side radical on pressure viscosity character- 

s of these fluids is small compared to the effect of changing the 
nature of the side radical on the siloxane chain even though the 
base viscosities differ by as much as a factor of 330. 

When considering the viscosity-pressure dependence as mea-
sured by a* (Fig. 6) we see that fluids 13 and .14 have greater 
values of a* at 37.8 C than the other fluids, but at 99 and 149 C 
they are similar to the other fluids. Because EHD film thickness 
is dependent on the pressure-viscosity variation of the fluids, we 
would expect a greater film thickness for comparable viscosity 
level from fluids 13 and 14 at 37.8 C. These thick films for fluids 
13 and 14 relative to the others would not be expected at higher 
temperatures such as 99 C and 149 C. 

An attempt was made to employ Roeland's [8] correlation to 
describe the pressure-temperature-viscosity behavior of the fluids 
investigated. However, there were 18 of the 45 isotherms mea-
sured where the deviation of the data from the Roeland's predic-
tion was significant. In these cases the deviation from a straight 
line when plotting the data on a Roeland's chart resulted in mea-
sured viscosities as much as ±100 percent different, from the 
value predicted by the best fit straight line through the data. 

Table 3(a) 	Pressure viscosity characteristics' - 

aOT X 108  (N/m2 ) -1  
23.5C> 	37.8 C 	99 C 	149 C 

Fluids 	(75 F) 	(100F) 	(210F) 	(300F) 

1 2.10 1.96 1.50 1.65 
2 1.16 1.12 0.88 0.70 
3 1.45 2.60 1.75 1.46 
4 1.30 1.47 1.92 1.48 
6 2.00 1.60 1.10 1.59 
7 1.57 1.52 1.45 1.52 
8 1.45 1.63 1.90 1.90 
9 1.29 1.23 1.28 1.35 

10 1.41 1.44 1.47 1.45 
11 0.93 1.05 1.48 1.48 
12 1.86 1.97 2.22 2.22 
13 3.05 2.49 1,56 1.67 
14 3.05 2.47 1.43 1.67 

1.38 1.51. 2.09 
J 1.99 2.06 2.32 
15 2.18 2.17 

(a) To obtain pressure viscosity coefficient in [psi] - ', multiply 
the entry in the table by 6.894 X 103. 

(b) Extrapolated Data except for 15. 

Table 3(6) Pressure viscosity characteristics" - a* 

cr* X 108  (N/m 8 ) -1  
23.5 Co) 37.8 C 99C 149 C 

Fluids (75 F) (100 F) (210F) (300F) 
1 1.44 • 	1.37 1.07 0.96 
2 1.20 	. 1.17 1.01 0.87 
3 1.38 1 . .32 1.12 0.98 
4 1.30 1.31 1.15 0.95 
6 1.62 1.32 0.97 1.00 
7. 1.55 1.52 1.45 2.18 
8 1.37 1.36 1.20 1.08 
9 1.29 1.25 1.04 0.94 

10 1.32 1.29 1.08 0.97 
11 0.89 0.91 	' 0.98 1.02 
12 1.42 1.40 1.39 1.38 
13 2.77 2.60 1.60 1.43 
14 2.54 2.20 1.29 1.26 
I 1.23 1.25 1.42 
J 2.04 1.96 1.67 
15 1.95 1.73 

(a) See footnote (a) in Table 3(a). 
(b) Extrapolated data except for 15.  

llecause of these deviations the constants from the. Roeland's 
correlations for these fluids are not reported. Reasonable esti-
mates of viscosity at a given temperature and pressure can be 
obtained from the reduced viscosity plots (Figs. 3-)) and the 
atmospheric pressure data given in Table 2. 

The decrease of viscosity with increasing shear stress at 
elevated pressure is not reported for lack of space but will be dis-
cussed. A decrease in viscosity at high shear rate can be the re-
sult of pseudoplastic shear thinning (non-Newtonian behavior) or 
viscous heating in the capillary at high shear stress resulting in a 
viscosity decrease because of local temperature increases. The 
maximum reduction in viscosity at 108  N/m 2  was only 40 percent 
while the average was less than 10 to 15 percent for all the fluids 
studied. The larger reductions were seen in the higher molecular 
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Tattle 4 Pressure viscosity characteristics from a Bridgman's data [10] and ASME [113 

Atm. 
pressure 
viscosity 

Temp. 	 µo 	aor X 10a 	a* X 10* 	Source 
(C) 	Nsec/m 2  X 10' I N 	I 	IN/mil - i 	ref. 

Trimer 25 0.847' 1.25 0.98 10 
Tetramer 25 1.307 1.56 1.12 10 
Hexamer 25 2.38 1.62 1.17 10 
Octamer 25 3.57 1.42 1.14 10 
500-1.00 cs 25 0.82 1.59 1.01 10 
500-2.00 cs 25 • 	1.74 1.46 0.89 10 
500-12.8 cs 25 12.03 1'.54 1.30 10 
200-10.0 cs 25 97.0 1.33 1.20 10 

(100 cs) 
53 25 170 2.46 2.83 11 

37.8 115 1.96 2.22 
99 21 1.75 1.45 

55 25 91 1.96 1.65 11 
37.8 70 2.22 1.65 
99 26.5 2.15 1.52 

(a) See footnote (a) Table 3(a). 
(b) Fluid designations employed here are those used in the original publications. All the fluids except 

53 are dimethyl siloxane polymers. Fluid 53 is a phenylmethyl siloxane polymer. The fluid 200-10.0 
cs in the Bridgman reference was mislabeled and was actually a 100 cs dimethyl fluid (private com-
munication from Dr. A. T. Barry of Dow Corning, November, 19701. 

Siloxane 
fluid(b) 

weight materials which would be expected to be more likely to 

exhibit shear thinning and to have greater viscosity-temperature 

dependence. The separation of the two effects is difficult and is 

the subject of another research program in this laboratory. 

Bridgman [10] reported pressure-viscosity data at 25C on series 

of eight dimethyl silicones (Trimer, Tetramer, IIexamer, Octamer, 

and blends with base viscosities of 1, 2, 12.8, and 100 cs each). 

The pressure viscosity characteristics as described by aor,  and a* 

for these fluids at 25 C are shown in Table 4. Also shown in Table 4 

are two siloxane fluids reported in the 1953 ASME Pressure 

Viscosity Report [11]. Fluid 53 is a methylphenyl siloxane 

fluid similar to our fluids 13 and 14 while fluid 55 is a dimethyl 

siloxane with the same base viscosity as our fluid 1 and Bridg-

man's 200-100cs fluid. When considering the am,  data, that of 

Bridgman is less reliable than that of either ASME or our own be-

cause of the much larger pressure increments used by Bridgman. 

The a* data are more reliably compared between the three 

sources. When comparing the at data from the three sources for 

the dimethyl fluids (1, 55, 200-100cs) we see that our data and 

Bridgman's are within 2 percent and the ASME data is con-

sistently higher than ours over the entire temperature range. 

The ASME data is about 30 percent higher at 25C and only 7 

percent higher at 99C. Although not exactly the same, ASME 

fluid 53 is similar to our fluids 13 and 14 with respect to viscosity 

and methyl/phenyl content ratios. When comparing the a* 

data for the three fluids the agreement in level and temperature 

dependence for the ASME fluid is very similar to our fluid 14, 

which has the same phenyl content as the ASME fluid but a lower 

molecular weight. 

Conclusions 
The range of methyl alkyl siloxanes investigated was representa-

tive of those most likely to be used as liquid lubricants or mechan-

ical fluids. The viscosity at atmospheric pressure and the vis-

cosity temperature variation both were found to increase as either 

the degree of polymerization or the number of carbon atoms in 

the alkyl side radical were increased. Shear thinning at high 

shear stress (10 5  N/m 2 ) also apparently increases with increases 

in molecular size although a clear distinction between shear thin-

ning and viscous heating could not be made. The total reduction 

in apparent viscosity from both viscous heating and shear thin-

ning was never more than 40 percent, even for the highest molec-

ular weight material investigated, and wag more commonly less 
than 10 to 15 percent. 

Varying the degree of polymerization or the number of car-

bon atoms in the alkyl side radicals has little effect (±10 percent) 

on the pressure-viscosity coefficient a* which is believed to be of 

most importance for elastohydrodynamic lubrication. The 

range of degree-of-polymerization and size of side radical investi-

gated includes those which might be expected to be useful for 

lubrication applications. 

The pressure-viscosity coefficient at can be changed by chang-

ing the nature of the side radical on the siloxane chain. Thus if 

the side radical is hydrogen, as in the methyl hydrogen siloxane 

(fluid 11), the at is reduced and if the side radical is a phenyl 

group or a trifluoropropyl group (as in fluids 13, 14, I) the a* 

is increased compared with the dimethyl or methyl-alkyl silox-

anes. However, the differences of at between the methyl alkyl 

siloxanes and fluids 11,13,14, and J are reduced as temperature 

is increased such that there is little difference between them at 

99 C and 149 C. The methyl phenyl siloxane (fluid 14) has an 
at 80 percent greater than a t for the dimethyl fluid 12 at 25 C 

but at 99 C and 149 C the at of fluid 14 is 6 and 10 percent less 

than that of fluid 12 at the same temperature respectively. 

The decrease of the pressure-viscosity coefficient a* with in-

creasing temperature reported for most of these fluids has been 

observed for several other fluids. 
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riobert L. Johnson 3  F. W. G. Fearon 4  

The siloxane series of fluids offers unique opportunities to ob-
serve the influence of structural variations on rheological proper-
ties of interest in thin film lubrication. There is always danger in 
overgeneralization, but the results of this paper' offer tempting 
guidelines for speculating on the behavior of other fluid types in 
concentrated contacts. Can the authors indicate the extent to 
which such generalization might hold up? 

One of the anomalies of concentrated contact lubrication has 
been the general acceptance of the importance of pressure-viscos-
ity coefficients in analytical studies but the inability to demon-
strate that effect experimentally. The observation in the present 
paper is that differences in pressure-viscosity coefficient disap-
pear at higher temperatures (e.g., 149 deg C), which are still 
modest for many applications. When we add to the high ambient 
temperatures the very substantial transient increases in fluid 
temperature in the contacts [121, it becomes apparent that our 
real knowledge of lubricant conditions in concentrated contacts is 
very weak. We hope that IR analysis methods will allow a much 
better definition of fluid state in concentrated contacts in the 
near future. 

The authors have pointed out the deficiency of Roelands' chart 
for correlating pressure-temperature-viscosity behavior of fluids. 
Are there alternate correlation methods that are more accurate or 
otherwise more useful than that of Roelands? 

Several years ago, two of the authors obtained some pressure-
viscosity data at relatively high shear stresses for NASA-Lewis 
with fluids of interest in our lubrication research program. At 
that time we were concerned about viscous heating in the capil-
lary as the potential origin of non-Newtonian behavior, as men-
tioned by the present authors. Data on the same fluids obtained 
with an oscillating crystal method at the University of Oklahoma 
Research Institute (NASA CR-120786) gave similar results. Both 
evaluation methods showed non-Newtonian effects, and the oscil-
lating-crystal method was not subject to the capillary viscous 
heating influence. 

The structural rearrangements of the present paper deal with 
side chain effects and polymeric chain lengths, but without modi-
fication to the structure of the chain. Can the authors provide 
general guidelines as to the effects of other type of structures 
(e.g., aromatic) in the molecules backbone on pressure viscosity. 

Additional References 

12 Turchina, V., Sanborn, D. M., and Winer, W. 0., "Temperature 
Measurements in Sliding Elastohydrodynamic Point Contacts," JOURNAL 
OF LUBRICATION TECHNOLOGY, TRANS. ASME, Series F, Vol. 96, No. 3, 

3  National Aeronautics and Space Administration, Lewis Research Cen-
ter, Cleveland, Ohio. 

The authors are to be congratulated on a careful piece of work 
that is a significant contribution to our understanding of the be-
havior of silicone fluids. 

Data presented clearly indicate that chemical composition is 
the dominant factor governing the pressure-viscosity characteris-
tics of these materials. However, it appears to this discusser that 
the significant differences observed between alkylmethyl, phenyl-
methyl trifluoropropylmethyl, and methylhydrogen polysiloxanes 
probably reflect basic differences in intermolecular interactions, 
rather than mere differences in bulk of the substituent as the au-
thors suggest. If size of the substituent alone were the governing 
factor, greater differences might be expected between dimethyl-
polysiloxane and decylmethylpolysiloxane than are actually ob-
served. 

The conclusion that degree of polymerization has little effect on 
the pressure-viscosity behavior was arrived at by considering a 
series of octylmethylpolysiloxanes endblocked with trimethylsil-
oxy moieties in which the minimum degree of polymerization was 
four to five. This conclusion may not hold for shorter chains when 
the trimethylsiloxy groups become a significant portion of the 
molecule. 

Edward Brown 

This paper is a welcome addition to the literature at a time 
when silicone fluids are being used in mechanical applications to 
a much greater degree. Several of the fluids tested have been 
checked in our laboratories and by Wolveridge. The agreement is 
well within the experimental error. 

From a practical standpoint, we find it interesting that there is 
very little correlation between pressure-viscosity and sliding-fric-
tion lubricity. This is quite clear as we notice that the authors 
find no difference in viscosity-pressure characteristics as the alkyl 
group increases in length, but all authors (Tabor, Archard, 
Brown, etc.) find a sharp decrease in friction and wear when the 
alkyl side group reaches 6 to 8 carbons in length. Likewise, the 
materials with the greatest viscosity-pressure dependence (phe-
nyl fluids) have the poorest lubricity. 

Since the same characteristics hold in a disk tester, we must 
conclude that pressure-viscosity alone has little effect on lubrici-
ty, except in homologous series. 

The data presented by the author, coupled with lubricity expe-
rience with the fluids, should serve as a starting point for most 
interesting studies, 

4  Dow Corning Corp., Midland, Mich. 

Reprinted from the July 1974 
Journal of Lubrication Technology 



Temperature Measurements in Sliding 
Elastohydrodynamic Point Contacts 
Techniques using the infrared radiation emitted by a sliding EHD point contact to 
measure oil film and surface temperature are discussed. Temperature distributions 
in the EHD contact are presented for a naphthenic mineral oil at 1.04 X 109  1V/m 2  
(150,000 psi) Hertz pressure and several sliding velocities. Film temperatures as high 
as 360 C are reported at locations near the points of minimum film thickness in the con-
tact side lobes. 
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Introduction 

EMI HAS been one of the major developing areas in 
lubrication in the last decade. Some of the significant un-
answered questions in this field are related to the rheological be-
havior of the lubricant in the EHD contact and to the criteria for 
failure limits in EHD contacts. The rheological behavior of the 
lubricant is not only a function to the appropriate constitutive 
equation relating the stress and strain rate in the lubricant, but 
also to the thermodynamic state as defined by the pressure and 
temperature of the lubricant as it passes through the conjunc-
tion region. Because large amounts of mechanical energy are 
dissipated in the EHD film, particularly in contacts where there 
is some relative velocity between the surfaces, temperatures of 
the lubricant and the solid surfaces may be quite different from 
the ambient. The temperatures in the contact are important 
because the viscosity, which is probably the most important 
mechanical property of the lubricant in the contact, is a strong 
function of temperature. The viscosity decrease with increasing 
temperature becomes larger at elevated pressures such as those 
occuring in EHD contacts. Temperature increases in the inlet 
region may influence the minimum film thickness whereas tem-
perature increases in the high pressure region will influence 
traction and surface shear stresses. The surface stresses in turn 
are an important factor in bearing surface failure. Several 
attempts at defining a failure criteria through a thermal analysis 
of lubricant films have been made the most notable of which is 
Blok's flash temperature theory [1].' Because of the importance 
of surface and film temperature in EHD films, the program de-
scribed next was undertaken. 

Numbers in brackets designate References at end of paper. 
Contributed by the Lubrication Division of THE AMERICAN 

SOCIETY OF MECHANICAL ENGINEERS and presented at the ASLE-
ASME Joint Lubrication Conference, Atlanta, Ga., October 16-18, 
1973. Manuscript received by the Lubrication Division, July 9, 
1973. Paper No. 73-Lub-23. 

Most analytical research has assumed an isothermal fluid film, 
thereby greatly reducing the complexity of the mathematical 
model dealt with. Notable exceptions to this are the works of 
Crook [2], Cheng and Sternlicht [3], Dowson [4], and Archard 
[5 and 6]. In all of these investigations it was not only neces-
sary to assume mechanical and thermal constitutive equations 
for the lubricant, but also to assume thermal boundary conditions 
for the film. 

Relatively little experimental research has been directed to-
ward the determination of temperatures in the EHD contact. 
Cheng and Orcutt [7] used a platinum film gauge on a glass disk 
to measure a surface temperature, and Hamilton and Moore [8] 
used a nickel film gauge on a glass disk to determine temperature. 
Both of these studies were for rolling contacts and limited to low 
Hertz pressures because a glass disk was used as one of the bear-
ing surfaces. Because of these conditions, the measured tem-
perature rises in the contact were small ( <3 deg C). 

In this paper a technique is described for measuring tempera-
tures in the EHD contact. The technique is based on the emitted 
infrared radiation from the contact area. Through an appro-
priate set of measurements the local steel ball surface temperature 
and a local lubricant temperature averaged through the film can 
be determined. 

Because the surfaces used for the EHD contact are steel and 
sapphire, the pressures in the contact are in the range of current 
design practice. The maximum Hertz pressure is 1.034 X 10 9  
N/m 2  (150,000 psi) for the data reported. This data is for a 
sliding contact. For a given set of conditions the ball surface 
temperature reaches a maximum of 115 C and average fluid 
temperature reaches a maximum of 360 C, both occurring .near 
the side lobes. The experiment is performed in a room tempera- 
ture environment. 

The temperature distributions obtained, along with film thick-
ness and traction data from the same apparatus, can be used to 
evaluate lubricant constitutive equations. More importantly 
from a design point of view, they can be used to detect the onset 
of lubricant film failure and thereby evaluate or establish limiting 
design criteria for lubricated contacts. 
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Fig. 1 Schematic diagram of the experimental equipment 

Experimental Equipment and Technique 
The sliding EHD point contact is formed using a 3.18 X 

10 -2  m (1.23 in.) diameter steel ball rotating and loaded against 
a 1.52 X 10 -2  m (0.060 in.) thick sapphire flat. The system has 
been used previously in extensive investigations of film thick-
ness [9] and traction [10]. As is shown in Fig. 1, the visual 
microscope used to observe interference fringe patterns for film 
thickness measurements has been replaced by an infrared radio-
metric detector (Barnes Engineering Company, Model RM-2A). 
The purpose of this detector is to measure the infrared radiation 
emitted from the contact and, therefore, allow contact tempera-
tures to be deduced. 

The radiometric detector has been equipped with a 15X re-
flecting objective which allows spot size resolution of 3.56 X 
10 -6  in (0.0014 in.). The radiation from this spot plus that from 
a related solid angle (Fig. 1) between this spot and the objective, 
is focused onto a liquid nitrogen cooled indium antimonide 
detector. This detector has a spectral response of 1.8 to 5.5 X 
10 -6  in (1.8 to 5.5 microns). The sapphire has a transmissivity 
of 0.90 over this same range, thus allowing the steel ball and oil 
film radiation to reach the detector. The visible light also col-
lected by the objective is separated from the IR and is directed 
toward a visual eyepiece. The visual and IR systems are par-
focal. The area covered by the detector is located in the center 
of the visual field of view and indicated by intersecting cross 
hairs. This allows one to focus on the oil film by visually search-
ing for the interference fringe pattern characteristic of the EHD 
contact. The detector will then respond to radiation from the 
3.56 X 10 -5  m (0.0014 in.) diameter oil film and steel ball surface 
plus a volume of the sapphire disk (see Fig. 1). Since the tem-
peratures of the lubricant film and the bearing surfaces are de-
sired separately, rather than an average contact temperature,  

a 	IVa  

N,. 

NIA 
	

ti 
	

5s 	le 

Nh 	
steel sphere 

Fig. 2 Radiation incident on the detector (angles exaggerated for clarity) 

experimental techniques have been devised to isolate the radiation 
contributions from the sapphire, lubricant film, and steel ball. 

Fig. 2 shows the components of the radiation received by the 
In-Sb detector. There are four sources of areal radiant intensity: 
No—due to reflected ambient background radiation, N,—due to 
emission from the sapphire, Nb— due to emission from the steel 
ball, and Nr—due to emission from the lubricant film. There is 
an attenuation factor associated with each of these components. 
Under the conditions listed below, these factors are: 

no = 0.082 + 0.683 pi, 

n , = 1.() + 0.830pb 

rib = 0.830 

= 0.830 

based on 

1 Fresnel reflection losses of 0.076 at the sapphire---air inter-
face and 0.0064 at the sapphire-oil interface [11]. 

2 Sapphire transmissivity of 0.90 for the 1.52 X 10 -3  m 
(0,060 in.) thick disk [M. 

3 The sapphire radiates to both hemispheres and a portion 
of the radiation initially directed toward the oil film is reflected 
back to the detector. 

4 Absorptivity of the oil film is negligible due to its thickness 
of approximately 2.54 X 10 -7 m (10 -6  in.). 

5 Although the oil film also radiates to both hemispheres, the 
effect has been accounted for in the value of emissivity assigned 
to the film. 

The IR radiometric detector contains a black body source at 
ambient temperature. A mechanical chopper in the detector 
alternately exposes the detector to the total incident radiation 
and then to the black body reference. The output signal, there-
fore, is a function of the difference between these values 

	

E = k(NroTAL — No) 
	

(2) 

where k is a known instrument constant. It can be seen from 
Fig. 2 that the total incident areal radiant intensity is given by 

NTOTAL = 771N, + noNo + 17,N, + noNo 	( 3 ) 

sapphire 

EHD oil film 

1  

Nomenclature 

E = microscope output signal—volts 
f= traction force—N 
h film thickness—m 

=-- instrument constant 
N= areal radiant intensity—watts/ 

cm 2-steradian 
NEB = black body areal radiant intensity 

No = black body areal radiant intensity 
at ambient temperature 

T = temperature—deg C 
t = transmissivity 

U = sliding velicity—rn/s 
a = absorptivity 

a* = pressure viscosity coefficient— 

[..0

intiN = r yodpi  

e = emissivity 
an attenuation factor  

p = reflectivity 

Subscripts 

= steel ball 
b, = steel ball of emissivity 0.28 
1) 2  steel ball of emissivity 0.47 
F = filter 
r= EHD oil film 
8 = sapphire 
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Inlet 	30 °C 

30  

Detector 
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Therefore, combining equations 1-3, 

0.830(N, -I- 	+ (1.0 + 0.830 Pb)  N. 

(0.683 p6 - 0.912) No  (4 

The reflectivity of the ball surface pr, can he measured with I he 
radiometric detector. The quantity N a  is dependent on the 
ambient. temperature only and can be evaluated. The individual 
areal radiant intensity values Nf, Nb, and N, are known functions 
of the source emissivity and temperature. 

The 1.52 X 10 -a m (0.060 in.) thick sapphire is expected to have 
a large temperature gradient and radiation is emitted from 
throughout the thickness rather than just at a surface. Because 
the temperature distribution of the sapphire is unknown a sap-
phire surface temperature has not been determined thus far. 

Since the steel ball is opaque, a surface emissivity and tem-
perature can be associated with N6. . The emissivity of the ball 
surface has been determined at several temperatures using the 
radiometric detector. The technique is to paint a small spot 
of flat black paint (e ^ 0.95) on the ball surface, heat the ball to 
an elevated temperature and then compare values of areal radi-
ant intensity at adjacent points on the ball surface—one on and 
one off the painted section. This technique gave a surface emis-
sivity of 0.28 for the 52100 chrome steel ball. This value was 
reproducible at several temperature levels. 

The emissivity of the oil film must be determined before a film 
temperature can be calculated. Since the oil film is an absorb-
ing medium with anticipated high temperature gradients, the 
temperature which will be assigned to the oil film will be an aver-
age temperature across the film. Because the areal radiant in-
tensity is related to the fourth power of temperature, however, 
this average value will be skewed toward the maximum tempera-
ture in the film. In general, the emissivity of the oil film is a 
function of oil chemistry, wavelength and film thickness. The 
emissivity, therefore, must be determined for the lubricant being 
used with the same detector to be used in temperature measure-
ments. Once the dependence on film thickness is known, film 
thickness profiles previously obtained [9) can he used to obtain 
a local emissivity value. McMahon [12) presents a relation be-
tween effective emissivity and film thickness of a semi-trans-
parent material. For a lubricant film thickness h, the relation is 

(1 -  p*)  (1 - e - an) 
E 

(1 — pse -a ') 

where X is an absorption coefficient for the oil film and p* is the 
effect ive reflectivity of the oil film. In a separate experiment in 
which a stationary ball was placed in a constant temperature 
bath of the test lubricant with the sapphire resting on top of the 

TI M D  1114s  iirlNh  ErN, AND  

I t 

sapphire 
oil 	lihn III 

sapphire 

a i r 	7/„No  1/F1■117), 1Nh  

f 	sapphire 
1 

EHD oil !Pm 

ball, the areal radiant intensity was measured near the contact 
between the surfaces. An oil tilin occupied the space between 
the 'cell and sapphire. Since the.  dimensions of the gap can be 
determined from geometry abate, the radiation data at a known 
fluid temperature can be 1 ransformed into a local emissivity value. 
The data obtained resulted in an emissivity of 0.352 for a film 
thickness of 5.08 X 10 -6  m (0.002 in.). Solving equation (5) for 
A yields A = 9.43 X 10 3  (240 in - r). For EHD film thick-
nesses on the order of 10 -7  m (10 -6  in.), the quantity Xh is of the 
order allowing equation (5) to be accurately approximated 
by 

Ef = Xh 	 (6) 

For a given experiment, temperature is a function of only areal 
radiant intensity and emissivity, therefore, 

Tb = f(N6, Eh) 	 (7) 

Tf = .f(Arf, ef) 	 (8) 

Since the film thickness at any point in the contact can be de-
termined using the optical interference technique [91, er, and of 

can be found. However, there remain three equations (4), (7), 
(8) with five unknowns (Nf, N6, N„ Tb, 2"/). Clearly, two addi-
tional independent relations must be found. This has been done 
by the following two alterations to the experiment described 
thus far. 

In order to determine the ball surface temperature, the EHD 
experiment was repeated under identical conditions, but with a 
similar ball having an emissivity of 0.47 compared with that of 
0.28 used in the first experiment. A comparison of film thick-
ness values taken using each ball indicated that the conditions 
in the contact were identical regardless of which ball was used. 
The authors have shown through an order of magnitude analysis 
(see Appendix A) that the increased radiation from the ball 
surface will have a negligible effect on the film and surface tem-
peratures. Therefore, for a given point in the contact, the data 
from the two experiments using a low and high emissivity ball 

(5) 

Suilel 
me'. sphere 

Fig. 3 Oil film filter (not to scale) 
Fig. 4 Steady state film temperatures in the E1113 contact at 1.39 miser 
(54.9 ips) sliding speed 
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Detector Spot 
Site 

will result in two different output signals E, and El. Since the 
transmissivity of the ball is zero [13] 

pb + ab = 1 	 ( 9 ) 

ao = 	 (10) 

pb = 1 — 	 (11) 

Equation (4) may now be rewritten for the low and high ball 
emissivity experiments 

EL /k = 0.830(N, + Nu) 	1.598 N. — 0.426 No  (12) 

E2/k = 0.830(N, 	Nb2) + 1.440 N. — 0.556 No ( 1 3) 

where the subscript 1 refers to the low emissivity (41 = 0.28, 
pb, = 0.72) and 2 refers to the high emissivity ball (eb, = 0.47, 

= 0.53). Subtracting equation (12) from (13) 

El — EL 
— 0.830 (Ni2 — N21) — 0.158 N, — 0.130 No  (14) 

The black body areal radiant intensity NB°  is a function of 
temperature only with 

N eNae 	 (15) 

Since the ball surface temperatures are assumed equal in cases 1 
and 2, equation (14) may be rewritten as 

E2 

k 
	 — 0.158Nb 5B — 0.158N, — 0.130N0  

With an ambient temperature of 24 deg C, N o  = 3.7 X 10 -3 
 watts/cm2-ster. A conservative estimate of N, (see Appendix 

B) is on the order of 0.4 X 10 -3  watts/cm 2-ster or about 2 
percent of NO B  and has, therefore, been neglected. The value 
of NOB is typically of the order 20 X 10 -3  watt/cm 2-ster. 
The only unknown in equation (16) is NbBB. The temperature 
can be obtained from the black body areal radiant intensity, 
through the calibration curve supplied with radiometric detector. 

Although the two experiments described above allow the de-
termination of the ball surface temperature they are not sufficient 
to allow the film temperature to be deduced. The technique 
devised to isolate the film radiation consists of an experiment in 
which the low emissivity ball is used. The detector output 
signal Et  is then compared with the signal E3 obtained with a 
filter placed between the upper sapphire 'surface and the detector 
objective (see Fig. 3). The filter consists of a sandwich of two 
sapphire disks and a 5 X 10 -,  m (0.002 in.) thick film of oil identi-
cal in composition to that being used in the EHD contact. 
Hence the radiation from the EHD oil film is absorbed by the 
oil in the filter. As can be seen from Fig. 3, those contributions 
other than n,-N, shown in Fig. 2 have been attenuated by a filter 
attenuation factor nF. Because of a strong absorption band 
(C-H bond) in the naphthenic oil at 3.4 Az, the EHD oil film will 
emit primarily at this wave length. Since a much thicker film 
of the same oil at ambient temperature is used in the filter, the 
filter will absorb the entire contribution 77/N, from the EHD oil 
film. Fig. 3 also shows that the filter itself is emitting at T o  and 
that some of the background radiation is also reflected from the 
filter. The total areal radiant intensity received in this third 
experiment is, therefore, 

(NT0TAL), = nF (noilsib, + n.N. + noivo) + EFNQ + pFN. (17) 

Substituting equations (1) and (17) into equation (2) we get, 

Es/k = 771,  (0.830Nbi + 1.598N, 	0.574N0 ) 

— (1 — PF 	eF) No (18)  

Inlet 
Contact 	 
Boundary 

Outlet 

Fig. 5 Ball surface temperatures in the END contact at 1.39 m/sec (54.9 
ips) sliding speed 

(19) 

the last term in equation (18) may be written as IFNo. The 
transmissivity of the filter tF can be related to the attenuation 
factor nF which includes transmission and reflection losses 

'iji,  = (1 — pF)tp = 0.850tF 	 (20) 

where the reflection losses are calculated Fresnel reflections at the 
sapphire-air and sapphire-oil interfaces. Substitution of equa-
tion (20) into (18) and subtracting from equation (12) yields, 

(Et — —
s) 

-
1 

= 0.830N, + 0.1m = vo 0.830€,N,B. + 0.176No 
nfi , 	k 

(21) 

The quantities Et and E3 are the output signals, and k and No 
are known. The film emissivity ef  can be obtained from equation 
(6) since the film thickness profile has also been obtained through-
out the contact (14). The filter attenuation factor has been 
found experimentally by placing the filter between the detector 
objective and a calibrated black body source (Barnes, Model 
RM 121). 

Experimental Results 
The lubricant used during this investigation is a naphthenic 

mineral oil used in previous EHD studies [9, 10, 14] and vis-
cometric studies [15] in this laboratory. The fluid has been 
shown to be Newtonian [15] at shear rate and pressure levels 
approaching those anticipated in the EHD contact. The atmo-
spheric pressure viscosity is 0.0217 Ns/m 2(21.7 cp) at 37.8 C and 
0.0032 Ns/m 2(3.2 cp) at 98.9 C and the pressure-viscosity char-
acteristic a* is 2.32 X 10 -,  m 2/N(1.60 X 10 -4 in 2/1bf). 

All data was obtained with a peak Hertz contact pressure of 
1.034 X 10" N/m 2  (150,000 psi). Sliding velocities of 0.35, 0.69 
and 1.39 m/s (13.7, 27.4 and 54.9 in/sec) were used in the in-
vestigation. 

Using the optical techniques developed in the previous section, 
contour maps of the steady state film and ball surface tempera- 

but at equilibrium [131 

therefore 

k 

(16) Since for a transparent medium (13) 

iF + pp + EF = 1 
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1 
Fig. 6 interference fringe pattern of the END contact at 1.39 misec (54.9 
ips) sliding speed 

tures have been obtained and are shown in Figs. 4 and 5 for the 
maximum sliding velocity. Fig. 6 shows the interference fringe 
pattern for the same conditions (1.39 m/s, 1.034 X 10° N/m 2 ) 
as used in Figs. 4 and 5. 

In all these figures, the lubricant is entering the contact at the 
top of the figure. Referring to Fig. 4, it can be seen that along 
the contact center line, the lubricant is at 30 C just ahead of the 
contact inlet and increases in temperature to almost 50 C as it 
crosses the Hertzian contact boundary. The film reaches a 
maximum of 115 C just beyond the contact center and exits 
from the contact region at 75 C. The most striking feature about 
Fig. 4, however, is the fact that the maximum film temperature 

360 C) occurs at the minimum film thickness location (see 
Fig. 6) in the EHD side lobe constriction. Based on previous 
measurements 1141 the film thickness at this location is only 
6.35 X 10 -8  m (2.5 X 10-° in.). 

Fig. 5 is a plot of the ball surface temperature distribution. 
The ball surface temperature is less than 40 C at the contact 

IR Spot Size 

	Contact Dia. - 
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/.. .9 Iis. 

110 

i 32 
0- Ea 1 

L
 

ips\. 

60 ,..4 

WI 
A■ 

1 

70 

/ 

50 

40 
V 

inlet, rises to over 70 C just beyond the contact center and exits 
the contact at just under 60 C. As is the case for Tf, the maxi-
mum ball surface temperature occurs in the side lobe constriction. 
The maximum values of and Tb do not appear to be at pre-
cisely the same locations, however. The maximum ball tempera-
ture is only 113 C compared with 360 C for the lubricant film. 

The temperature contours shown in Figs. 4 and 5 were the 
maximum steady state values obtained during the investigation. 
Figs. 7(a) and (5) show the variation with sliding velocity of 
steady temperature, Tf and Tb along the contact center line. 
It can be noted that at each position in the contact and at each 
speed, the mean film temperature is substantially higher than the 
ball surface temperature. This is consistent with the fact that 
there is internal heat generation in the film due to viscous shear 
and that conduction to the boundaries is a primary heat transfer 
mechanism. 

Finally, Fig. 8 is a plot of maximum ball surface temperature 
in the contact as a function of sliding velocity. As was men-
tioned above, the maximum temperature is found in the EHD 
side lobe constriction. Fig. 8 also shows the film temperature 
variation with sliding velocity at the same contact location where 
the maximum ball temperature was found. 

of interest using a radiometric calibration source (Barnes Model 
RM-121). The detector resolution under the conditions of the 
experiment is 0.5 C, according to manufacturer's specifications. 
Because of this relatively high resolution, the accuracy of the 
temperature data reported is primarily a function of the ernis- 

	IR Spot Size. 

an error in temperature of ±30 deg C. At all other locations 
within the contact, this error is substantially less. 

The detector has been calibrated over the temperature range 

The most significant possible error is in the emissivity assigned 
to the oil film. From equation (6) it is seen that the emissivity 
is proportional to film thickness. Unfortunately, the error in 
film thickness is an absolute quantity (depending on fringe order 
interpretation (see Fig. (6)) rather than a percentage of the film 
thickness.. This yields a maximum relative error at points of 
minimum film thickness, which are located at the points of 
maximum film temperature. The maximum error in film thick- 
ness has been assessed at ±1.8 X 10 -8  m (0.7 X 10 -n in.). At 
the point of maximum film temperature (360 C) this ±1.8 X 
10' m error in minimum film thickness (6.4 X 10 -8  in) results in 
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Fig. 7(a) Steady state film temperature distribution along the contact 
center line as a function of sliding speed 
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Fig. 7(b) Ball surface temperature distribution along the contact center 
line as a function of sliding speed 
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Fig. 8 Maximum ball surface temperature and film temperature as a 
function of sliding speed 

sivity values and the proportion of received radiance assigned to 
each source in equations (15), (16), and (21). The measured 
emissivity values for the ball surface used are believed to he cor-
rect to well within 10 percent. If this ±10 percent error is car-
ried through the above equations it amounts to an error in ball 
temperature of ±4 deg C at the maximum contact temperature 
of 115 C. At locations where the temperature is less than this 
maximum the error will be lower. Also, if any of the calculated 
coefficients in equations (16) and (21) are in error by ±10 per-
cent, a similar error in ball temperature will result. 

Conclusions 
The authors have presented a technique for mapping the tem-

perature distribution in a sliding EHD contact. Both the ball 
surface temperature and a fourth power average lubricant film 
temperature have been obtained at points throughout the con-
t act. Under a specific set of experimental conditions, ball tem-
peratures as high as 115 C and average fluid film temperatures 
as high as 360 C have been reported. Both temperature peaks 
were found to occur in the contact side lobes where the fila  thick-
ness is a minimum. It was also observed that at each point in 
the contact, both temperatures increased significantly as the 
sliding velocity was increased. 

Although only a limited amount of data was collected, it is 
sufficient to show that the technique reported can be useful in 
obtaining detailed temperature data in the EHD contact. In 
addition, it also suggests additional experiments using the III 
microdetector; namely extensions to rolling contact experiments, 
to a determination of the sapphire surface temperature, to a 
spectral analysis of the materials in the contact, to aid in evaluat-
ing lubricant constitutive equations under EHD conditions, and 
to an investigation of the mechanisms leading to film failure. 

Acknowledgments 
The authors wish to acknowledge the support of NASA Grant 

NCR 11-002-133 and the encouragement of Mr. R. L. Johnson 
of NASA-Lewis in connection with this research. 

APPENDIX A 
The Effect of Ball Radiation Change on Film Temperature 

The energy dissipation rate in the EHD contact can be deter-
mined from film thickness and traction measurements previously 
obtained [9, 10]. For the most severe conditions imposed in this 
investigation (1.39 m/s velocity and 67 N normal load) the trac- 
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lion force was observed to be 4.7 N. This results in an energy 

input rate (f U) of 6.53 watts. 
From radiation measurements made with each of the two balls, 

the change in ball radiation is of the order 10 -2  watts/cm 2  stera-
dian for a 3.6 X 10 -5  m diameter spot size. For radiation to one 
hemisphere (2 71-  steradians) and for an EHD contact diameter of 
3.6 X 10 -4 m, the radiation heat transfer rate is of the order 10 -6 

 watts. Therefore the heat transfer through the film due to ball 
radiation is negligible compared to the 6.53 watts dissipation rate. 
The effect of different ball surface emissivity on film temperature 
should therefore be negligible. 

APPENDIX B 
Relative Contribution of Sapphire Radiation 

As an order of magnitude approximation it has been assumed 
that the upper sapphire surface is at ambient temperature (25 
deg C) and that the lower surface is at a temperature equal to 
that of the average fluid temperature (115 deg C). These tem-
peratures correspond to black body areal radiant intensity values 
of 3.7 X 10 -3  and 40 X 10 -3  watts/cm 2-ster, respectively. These 
data represent the maximum temperature condition on the con-
tact center line, The radiation characteristic of the sapphire 
should be less than the average of the surface radiation values, 
due to the fourth power relation between temperature and areal 
radiant intensity. For an average N,BB of 22 X 10 -3  watts/ 
cm'-ster and a sapphire emissivity of 0.018, N, becomes 0.4 X 
1(1 -3  watts/cm 2-ster, which is 2 percent of N5BE shown in equation 
(16). The 2 percent maximum error resulting from omitting 
the contribution from the sapphire will result in an error in ball 
temperature of less than 2 deg C. 
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DISCUSSION 

P. M. Ku l  

The work reported here is a milestone in experimental elas-
tohydrodynamic lubrication. It ranks in importance with Crook's 
film thickness measurements, which gave the EHD theory the 
first tangible verification, and Archard's application of optical in-
terferometry, which opened the way for the mapping of the film 
thickness distribution in an EHD conjunction. However, in terms 
of the difficulty of the task and the ingenuity of the experimental 
technique, this work has no peer. 

As the authors have indicated, their technique permits the 
mapping of the lubricant-film and surface temperature distribu-
tions in an EHD conjunction, so that these can be related to the 
film thickness distribution and hopefully lead to an elucidation of 
the rheological behavior of the lubricant in the conjunction and 
the impact of the latter on traction behavior. This is a monumen-
tal task, but the technique does appear to hold great promise. 

One of the intriguing problems in gears and similar sliding-roll-
ing machine elements is associated with rubbing wear and scuff-
ing failures. There seems to be general agreement among investi-
gators of gear failures [16-18) that the breakdown of the EHD 
film, while it is a sufficient condition for the occurrence of wear, 
is only a necessary but insufficient condition for scuffing to occur. 
In other words, in order for wear to advance to scuffing, another 
condition believed to be thermal in character must also be met. 
This additional necessary condition is apparently strongly in-
fluenced by the chemical interfacial action involved. If this view 
of scuffing is true, it appears that the maximum temperature in 
the conjunction may be related to the chemical nature of the lu-
bricant and metal surface, as well as to whether the atmosphere 
is oxidative or inert. Perhaps the authors' technique may be em-
ployed to provide a direct insight into the problem. 
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William R. Jones, Jr. 3  

The authors should be complimented on tackling an extremely 
difficult problem area—that of surface and film temperature 
measurements in elastohydrodynamic contacts. The importance 
of such measurements has been adequately spelled out in the 
paper. 

The basic principles involved in determining local temperatures 
from emitted infrared radiation are fairly straightforward. How-
ever, because of the complexity of the system and the number of 
unknowns involved, the ability to produce local temperature 
maps from measured radiance data requires a great deal of imag-
inative and innovative thought. 

Nevertheless, as impressive as these results are, they appear to 
be anomalous. For instance, the location of the maximum film 
temperature in the side lobe region is unexpected. The minimum 
film thickness and thus the maximum shear rate does occur in 
this region. However, the local pressures (and thus the local shear 
stresses) should be considerably less than those at the contact 
center. Therefore, one would expect the maximum heat genera- 

2  Southwest Research Institute, San Antonio, Texas. 
3  National Aeronautics and Space Administration, Lewis Research Cen-

ter, Cleveland, Ohio.  

tion due to viscous shear (and thus the maximum film tempera-
tures) to occur at or near the contact center. And, indeed, this 
has been predicted in analytical studies. 

Of course, these analytical studies only considered heat genera-
tion due to viscous shear. Obviously, in this paper the possibility 
of asperity interactions between the ball and disk surfaces cannot 
be discounted. At the highest sliding speed (54 ips) the measured 
minimum film thickness at the side lobes is only 2.5 g in. This 
should be well within the surface roughnesses of the two surfaces. 
If surface interactions are occurring, the side lobe temperatures 
are easily explained. But then another apparent anomaly appears 
in Fig. 8. Why does Ti  (the film temperature measured at the 
location of maximum ball temperature) decrease with decreasing 
sliding speed? As speed decreases, the minimum film thickness at 
the side lobes also decreases, and one would expect increased as-
perity interactions and therefore higher film temperatures. 

Further studies should clear up this point of conjecture. Tem-
perature measurements can be performed on thicker films where 
the possibility of asperity interactions can be ruled out. Further-
more, if solid contact is occurring, one would expect some surface 
distress to be observed on the ball and disk. Therefore, a tech-
nique that might be of value here is Ferrographic analysis [16] of 
the lubricant. If any metallic debris is generated during asperity 
interactions, it should be detectable using this technique. 

Finally, a few questions come to mind concerning the analysis 
of the radiance data. Can the absorption coefficient (A) in equa-
tion (6) really be assumed constant for very thin films? Does film 
emmissivity (ft) vary with temperature as well as film thickness? 
Can interference effects of the infrared radiation such as those 
observed by Wedeven [17) be completely discounted? 
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16 Seifert, W. W., and Westcott, V. C., "A Method for the Study of 
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G. Dalmaz and D. Berthe 4  

We wish to congratulate Prof. W. 0. Winer, V. Turchina, and 
Dr. D. M. Sanborn on having mastered the technique of obtaining 
both oil and ball temperatures with infrared measurement. We will 
not comment on the technique other than to say that having ob-
tained equivalent results in mixed friction, where data interpreta-
tion is simpler [181, we fully appreciate the difficulty of the problem 
and thus the contribution that was made. 

Going directly to the results, the authors have shown that in 
pure sliding and under relatively high loads temperatures of 360 
deg C were reached. Under these conditions thermal effects are 
dominant, isoviscous fluids or even piezoviscous fluids alone can-
not be considered. 

In an attempt to get a better understanding of the problem, we 
have calculated the pressure distribution in a point contact 
knowing the contact geometry, which had been determined exper-
imentally with interferometric techniques [19). These calculations 
show that: 

1 For small loads (a and b in Fig. 9) the piezoviscous law µ = 

ao exp (cep) gives acceptable results. 
2 For loads that correspond to the onset of the elastohydrody-

namic regime (c in Fig. 9) infinite pressure are obtained. This is 
of course unacceptable. 

3 For these same loads, the substitution of isoviscous to piezo-
viscous fluids give satisfactory results for the pressure. The load 
calculated from that pressure distribution is very close to the ap-
plied load. 

The drop in effective viscosity can be explained by considering 
the pressure-viscosity relaxation time discussed by Trachman 

Laboratoire de Mecanique des Contacts, Institut National des Sciences 
Appliquees de Lyon, Villeurbanne, France. 
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Fig. 9 Variation of film shape for a given speed u = 8 cm/sec with 
load cc = (a) 1.5 N; (b) 3 N; (c) 4.6 N; viscosity µ e  = 1.3 PI 

(20] and the local rise in temperature observed by the authors. 
We believe that the authors are in a privileged situation to 

evaluate at least qualitatively the relative importance of both 
these effects. Film thickness, temperature, and thus viscosity Ao 
are known all over the contact. If these values are introduced 
point by point into the Reynolds equation the pressure distribu-
tion can be calculated and compared to the applied load. This 
could give a fairly solid base for discussion. We would also like to 
know if the authors have observed any correlation between tem-
perature and either the minimum film thickness or the energy 
dissipated locally. Such a correlation would help immensely, as it 
would allow us to get practical theoretical results directly without 
having to solve the energy equation. 

Additional References 
18 Deyber. P., and Godet, M., "Contact Temperature in Mixed Fric-

tion," Tribology, Vol. 4, No. 3, Aug. 1971, pp. 150-154. 
19 Dalmaz, G., and Godet, M., "An Apparatus for Simultaneous Mea-

surement of Load, Traction and Film Thickness in Lubricated Sliding 
Point Contacts," Tribology, Vol. 5, No. 3, -Tune 1972, pp. 111-117. 

20 Trachman, E. G., and Cheng, H. S., "Thermal and Non-Newtonian 
Effects on Traction in Elastohydrodynamic Contacts," Proc. IME, Elas-
tohydrodynamic Lubrication 1972, Symposium, pp. 142- 148. 

J. L. Lauer 

The Barnes infrared microdetector used is a radiation pyrome-
ter accepting, without discrimination, radiation over. a wide band 
width from everywhere within it angle of acceptance. The authors 
therefore designed a number of calibration experiments and es-
sentially subtracted their results from the total radiometer read-
ings to obtain film emissivities relatable to film temperatures. In 
one of these experiments a layer of cold fluid is used to reabsorb 
the radiation emitted by the hot fluid in the contact so that the 
latter radiation can be isolated from the background. This proce-
dure is excellent, but since an emission band is generally wider 
than an absorption band at lower temperature, the cold film 
must be---and the authors reported it to be—much thicker than 
the hot one. Furthermore, there can be a polarization effect, for 
the C-H dipole from the fluid in the contact can, conceivably, be 
oriented; and if this orientation depended on shear velocity, the 
reflectivities associated with the hot and cold film surfaces might 
become variables. Such an effect—if it exists—can be checked 
easily with an infrared polarizer. Much of the radiation emitted 
by the film may not be associated with the C-H dipole; e.g., 
phase changes and conformational changes can be envisaged. 

However, a cursory calculation by this reviewer using the data 
given in the paper gave values for the energy input in the contact 
region that were well below those required for the mechanical 
rupture of C-H bonds. Both reflectivities and transmissivities 
are, in general, temperature-dependent. 

Since a sapphire window had to he used to transmit radiation 
in the radiation pyrometer region--which is always on the high-fre-
quency side of the Planck peak—the heat-flow pattern under the 
experimental conditions will necessarily be different from that in 
an all-metal situation. The heat conductivity of sapphire at am-
bient temperature is about one order of magnitude poorer than 
that of of iron, although the difference is much less at elevated 
temperature where the conductivity of iron is much lower. The 
heat conductivity of a diamond window is nearly that of iron and 
is almost independent of temperature, but diamond would not be 
suitable in this wavelength region. 

While there are, therefore, limitations to this approach, the au-
thors deserve bouquets for an excellent beginning on an impor-
tant aspect of a most important problem. 

Authors' Closure 

The authors wish to thank the discussors for their comments. 
Since the research reported employs a new technique, the com-
ments and suggestions are particularly useful in the development 
of this tool. 

The questions raised by Mr. Jones concerning the occurance of 
the temperature peak in the contact side lobe are understand-
able. The mechanism of asperity contact appears to be the most 
reasonable explanation, but further research is needed on this 
point. The decrease of film thickness in the side lobes with sliding 
speed does not seem unreasonable, however, since the "film 
thickness" probably changes very little after initial asperity con-
tact. This being the case, the local energy dissipation rate will be 
reduced. The temperature and film thickness dependence of the 
film emissivity needs additional research. In trying to establish 
the feasibility of the infrared temperature measurement tech-
nique, a rather simple model was selected. In future work, the 
emissivity should be used as a function of temperature, film 
thickness and wavelength. It is doubtful that interference of in-
frared rays was a problem in this experiment since the wave-
lengths are long compared to the film thickness and they are not 
from a coherent source. 

We agree with the comments of Messers Dalmaz and Berthe on 
the importance of obtaining a pressure profile through the Reyn-
olds equation, or even a shear stress distribution which could be 
checked against the traction in the contact. Although approxima-
tions can be made, detailed solutions require that the tempera. 
ture distribution across the film be known. At the present time 
only an averaged film temperature and ball surface temperature 
have been determined. Although a distribution through the film 
seems difficult to obtain, reasonable approximations could be 
made if the sapphire surface temperature could be determined. 
Such a measurement could be obtained with an additional exper-
iment. 

The discussions of P. M. Ku and J. L. Lauer are greatly appre-
ciated. We agree with the desirability of extending the technique 
to gears and more realistic bearing surfaces although this task ap-
pears formidable. 

Reprinted from the July 1974 
Journal of Lubrication Technology 



Molecular Degradation of Lubricants 
in Sliding Elastohydrodynamic Contacts 
The extent of lubricant degradation in a sliding elastohydrodynamic contact has been 
investigated. The lubricant was subjected to peak Hertz pressures of approximately 10 6  
N1m 2  and average shear rates of 106  to 101  8 -1 . Hydrocarbon lubricants, bulk polymers 
and polymer containing hydrocarbon solutions were examined. Small samples (10 -8,0) 
of test lubricant were extracted from the entrance and exit regions of the EHD contact. 
These samples were then analyzed to determine alterations in the molecular weight dis-
tribution. In addition, a microcapillary viscometer was developed to determine viscosity 
changes. Degradation resulting in up to a 70 percent viscosity loss was found in fluids 
which had molecular weights of over 1000. High degrees of correlation were found be-
tween molecular weight loss, viscosity loss and the energy dissipated in the contact. 
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Introduction 

The increasing use of high molecular weight synthetic lubri-
cants by industry in locations where stable, clean fluids are re-
quired has created a need for more information on the stability of 
these fluids when subjected to mechanical shearing. The most ex-
treme conditions of mechanical shearing that a lubricant must 
withstand are those found in elastohydrodynamic lubrication. 
These conditions result in energy input rates into the fluid greater 
than 1015  J/kmol. This can be compared to an activation energy 
of less than 108  J/kmol of carbon-carbon bonds. Although the 
fluid is usually subjected to these conditions for only a short peri-
od of time (less than 1.0 ms) some degradation should be expect-
ed. 

In previous studies the problem of mechanically induced molec-
ular degradation has been approached in either of two ways: (1) 
attempts have been made to simulate actual conditions on labo-
ratory apparatus, or (2) tests have been done using production 
equipment. By testing on specially designed equipment, the con-
ditions under which the degradation takes place are usually well 
defined. However, the lubricant is not subjected to the combined 
high pressure-high shear stress state that is characteristic of the 
EHD contact [1-4]. 1  To reproduce these extreme conditions on 
the lubricant, studies using production equipment, such as auto-
motive engines, have been undertaken [5, 6]. However, in this 

1  Numbers in brackets designate References at end of paper. 
Contributed by the Lubrication Division of THE AMERICAN SOCIETY 

OF MECHANICAL ENGINEERS for presentation at the ASME-ASLE 
Joint Lubrication Conference, Montreal, Canada, October 8-10, 1974. 
Manuscript received by the Lubrication Division, June 26, 1974. Paper No. 
74-Lub-35. 

Copies will be available until June, 1975.  

type of experiment, the stress conditions imposed on the lubri-
cant are difficult to establish. These conditions range from EHD 
lubrication at the cam followers and gears to low shear stirring in 
the sump with temperature ranges from ambient at the start of 
the test to over 95degC after warmup. 

The objective of this study was to subject a variety of fluids to 
conditions that are found in EHD lubrication and determine the 
extent of degradation. The test fluids were subjected to pressures 
of 106  N/m 2  and shear rates of approximately 10 6  — 102  s -1 . 
Samples of the fluids were collected and analyzed to determine if 
degradation had occurred. The viscosity of the sheared fluids was 
measured and the viscosity average molecular weight was calcu-
lated using available empirical equations yr, 81. If this method re-
sulted in an indication of degradation, further analysis was done 
using gel permeation chromatography [9], flame ionization spec-
troscopy and other analytical methods. 

Test Lubricants 
The lubricants selected for examination were chosen so that a 

wide range of molecular weights and fluid types could be tested. 
Detailed descriptions of the test fluids are given in Appendix A 
and summarized in Table 1. 

As representative examples of the hydrocarbon type fluids, a 
paraffinic base oil and three solutions of high molecular weight 
polyalkylmethacrylate (PAMA) were chosen. Two of these solu-
tions used a PAMA additive with a viscosity average molecular 
weight (MW,) of 560,000 atomic units (au) with concentrations of 
4 percent and 8 percent. The third solution used a PAMA addi-
tive with a MW, of 1,650,000 au and a concentration of 4 percent. 
In this manner variations with concentration and MW could be 
studied. The paraffinic base oil with an average MW of 404 was 
also tested as a control. 

Six synthetic fluids were tested. A commercially available sili-
cone diffusion pump fluid with a MW of 546 au was tested be- 

1 
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cause of its very narrow MW distribution. Because of this proper-
ty, small variations in MW could be detected. Another commer-
cially available silicone lubricant which had a bimodal MW dis-
tribution centered around molecular weights of 16,000 and 47,000 
was tested. The results obtained with this fluid led to tests of two 
silicone blends with widely dispersed MW distributions. Stable 
lubricant films could not be generated with either fluid, however. 
In addition, a sebacate diester (MW=426) and a modified poly-
phenyl ether (MW=423) were examined. 

Experimental Technique 
The experimental eqiiipment is a slight modification of the ap-

paratus used to study EHD film thickness and traction and pre-
viously reported in this literature [10, 11]. The equipment is 
shown schematically in Fig .1. The sliding EHD point contact is 
formed by rotating a 31.8-mm-dia steel sphere which is loaded 
against a sapphire disk. The sphere has a surface finish of 0.038 
pm. Optical interference techniques were used to measure the 
EHD film thickness and the air bearing and traction load cell 
system allowed direct traction measurements to be obtained. 

The technique used for extracting a lubricant sample from the 
contact entrance and exit involved introducing a hole in the sap-
phire flat into the desired region. This orifice was then allowed to 
fill up with the lubricant. Most of the data was taken using a 
sapphire disk 7.87 mm in dia, 1.52 mm thick and with a conical 
hole having a minimum diameter of approximately 50 pm at the 
oil interface. A micrometer screw adjustment mechanism (Fig. 1) 
allowed the orifice in the sapphire to be positioned at the desired 
location. Both the hole and EHD contact could be observed 
through the microscope. 

Fig. 2 shows the orifice in the sapphire in relation to the EHD 
contact. The dark area surrounding the minimum hole diameter 
is a result of the conical shape of the orifice. When the orifice was 
moved up to the exit edge of the contact, the flow of lubricant 
into the cone could be observed. When a sufficient amount of oil 
had collected on the sapphire, two 10 -8  m3  samples were extract-
ed using disposable syringes. In order to compare changes in mo-
lecular weight and viscosity, samples were also taken from the 
fluid reservoir and the original sample container. 

The experimental conditions for each test are given in Table 2. 
Also listed are the centerline film thickness and the traction coef-
ficient (TC). Table 3 is a summary of the average conditions ex-
perienced by the fluid in the EHD contact. An average shear rate 

is determined from the relative velocity of the bearing surfaces 
divided by the film thickness. The average shear stress r is calcu-
lated by dividing the traction force by the contact area. The ener-
gy dissipation rate per unit volume (E) is given by the product of 
the shear stress and the shear rate. Finally, the energy dissipation 
rate per mole of polymer (0 is determined from the product of E, 
the contact volume and MW divided by the product of average 
mass flow rate and polymer weight concentration. 

In calculating the energy dissipated per mole of polymer (, the 
contact volume is assumed to be the product of the centerline 
film thickness and the Hertz contact area. The average mass flow 
rate is obtained from the product of the lubricant density, one 
half the sliding velocity, the centerline film thickness, and the 
Hertz contact diameter. For the silicone blends, the concentration 

Table 1 Test fluids 

Fluid description' 
Paraffinic base oil (R-620-12) 
P1 + 4 percent polyalkylmethacrylate 

(PL-4521) 
P1 	8 percent polyalkylmethacrylate 

(PL-4521) 
P1 + 4 percent polyalkylmethacrylate 

(PL-4523) 
Diester- bis-2-ethyl hexyl sabacate (PL-5159) 
Pentaphenyltrimethyltrisiloxane (DC-705) 
Dimethylsiloxane (DC-200) 
Dimethylsiloxane Blend (E1923-48) 
Dimethylsiloxane Blend (E1923-49) 
Modified Polypenyl Ether (MCS-418) 

The fluid designations correspond to designations used in previous studies 

on these fluids [101. 
Manufacturer's designation is shown in parentheses. See Appendix A for 

detailed description. 

is taken to be 100 percent and the molecular weight is 546 for the 
single species S5 and the weight averaged value of 45,600 for S6. 

A variety of techniques were used to analyze the samples ob-
tained from the EHD contact. The viscosity of most of the fluids 
was measured in a microcapillary. Where possible and necessary, 
further analysis was done using ionization spectroscopy, infrared 
absorption spectroscopy and mass spectroscopy. The micro-capil-
lary was made from a glass tube with a capillary section 60 mm 
long by 75 pm inside diameter (12]. The capillary was used in a 
constant temperature bath and the pressure differential was ap-
plied using a water manometer. After a calibration constant had 
been determined from a test on a viscosity-standard fluid, viscos-
ities were determined by measuring the time for the miniscus to 
travel between two prescribed points. Measurements were highly 
repeatable in both flow directions through the capillary. As a 

Desig- 
nation ' 

P1 
P2 

P3 

P6 

S1 
S5 
S6 
S7 
S8 
S9 

Nomenclature 

E = energy dissipation rate per 
unit volume, W/m 3  

centerline EHD film thickness, 
pm 

MW = molecular weight, au 
S = apparent viscosity loss from film 

thickness data 
Sr = permanent viscosity loss due to 

degradation 
TC = traction coefficient 

= shear rate, s - I 

E = energy dissipated per mole of 
polymer, J/kmol 

p = viscosity, N slm2  
r = shear stress, N/m 2  

Subscripts 
e = effective value from film thick-

ness data 
N = number average 
o = unsheared; atmospheric pressure 

value 
s = sheared value 

= viscosity average 
w = weight average 
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check on the procedure, the viscosities of samples of an unsheared 
fluid were determined using both the microcapillary and standard 
capillary viscometers. Good agreement was found. The MW-vis-
cosity correlation proposed by Barry [7] was then used to deter-
mine MW from the micro-capillary results for the siloxanes while 
the relation proposed by Wright and Crouse [8] was used for the 
PA MA solutions. 

In addition to the microcapillary measurements, molecular 
weight distributions were obtained for the higher polymers 
(PAMA and silicones) using gel permeation chromatography 
(GPC). Lower molecular weight fluids were further analyzed 
using gas chromatography, IR spectroscopy or mass spectroscopy. 

Experimental Results 

The results of the tests are shown in Table 4. The first two col-
umns are the measured viscosity and the percentage change in 
viscosity. The changes throughout Table 4 are calculated by sub-
tracting the sheared quantity from the original and dividing by 
the original. The second two columns are the calculated viscosity 
average molecular weights and the percentage change in MW,. 
The fifth and sixth columns are the weight average MW., as de-
termined by GPC and the change in this quantity. The seventh 
column is the number average MW also determined by GPC. The 

Table 2 Elastohydrodynamic 
operating conditions 

Fluid 
ao  (25 deg C) Load 

Ns/m 2 	N 
Speed 
m/s 

17„ 
min TC 

P1 0.052 65 2.36 0.22 0.035 
P2 0.112 67 2.34 0.25 0.033 
P3 0.274 67 2.34 0.31 0.032 
P6 0.240 67 2.34 0.25 0.038 
S1 0.017 67 2.34 0.09 0.024 
S5 0.175 69 1.45 0.43 0.068 
S6 0.931 69 2.41 0.25 0.027 
S7 1.200 67 2.34 0.19 0.035 
S8 1.060 67 2.34 0.20 0.033 
S9 0.056 67 2.34 0.30 0.042' 

Molecular Weight 

Fig. 3 Molecular weight distribution, fluids S6, S7 and S8 

final column is the dispersity as calculated by dividing the weight 
average MW by the number average MW and is a measure of the 
spread of MWs found in the sample. 

With the low MW silicone fluid S5, no degradation was detect-
able. This fluid was tested by the manufacturer using a gas chro-
matograph. No viscosity measurements were made because an in-
sufficient sample was extracted during the EHD contact simula-
tion. 

Silicone fluid S6 exhibited marked degradation after shearing 
in the EHD contact. Both viscosity and GPC measurements were 
made on this fluid. The permanent viscosity loss was found to be 
56.1 percent. The results of the GPC tests are shown in Fig. 3. 
The location at which each sample was extracted is noted on the 
figure. There is virtually no change in the molecular weight dis-
tribution (MWD) from the original fluid to the sample taken from 
the oil reservoir, however, there is marked change after the fluid 
has passed through the EHD contact. The viscosity loss was cal-
culated from the MW found with the GPC and was found to be 
61.4 percent. 

Fluids S7 and S8, which were specifically blended to give an in-
dication of a limiting MW for degradation, were not successfully 
tested. Although a fluid film could be established in the EHD 
contact for a period of time (less than 30 min), the film would 
collapse before any sample could be taken. This collapse resulted 
in direct contact between the sapphire and the sphere with subse-
quent scratching of both in most cases. Fig. 3 shows the MWDs 
for these two fluids and by comparison with the unsheared sam-
ples of fluid S6, it can be seen that they have a greater concentra-
tion of high MW fractions and are more disperse in makeup. 

A very slight increase in viscosity and MW (as determined 
from gas chromatography by the manufacturer) was found in the 
sheared samples of fluid S9, the modified polyphenyl ether. How-
ever, these changes were both within experimental error. A very 
small amount of a very low boiling point substance was found in 
all of the samples except the original fluid. It is thought that this 
might be an indication of a small amount of degradation. 

Fluids Si, the diester, exhibited a marked increase in viscosity, 
4.3 percent, however, neither IR spectroscopy, gas chromatogra-
phy nor mass spectroscopy could detect any change in the compo-
sition of the fluid. The increase in viscosity is typical of what has 
been found in extended service conditions [13]. 

The paraffinic base oil P1 was tested in a cone and plate vis-
cometer and a 1.6 percent decrease in viscosity was found. How-
ever, this is within the experimental error (±2 percent) of this 
particular instrument. Because of its low MW, the other analyti-
cal techniques mentioned above could not be used to establish a 
molecular weight distribution. 

The permanent viscosity decreases in the PAMA solutions, 
fluids P2, P3, and P6 were found to be extreme, up to 70 percent. 
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Table 3 

7 X10 -6  
s -1 

Energy dissipation 

T X 10 -1 	E X 10 -12  
N/m , 	W/m 3  

0 X 10 - n 
J/krinol 

P1 10.7 25.2 287 25 
P2 9.4 24.8 211 1,080,000 
P3 7.5 23.0 184 416,000 
P6 9.3 27.4 267 2,240,000 
S1 25.0 17.3 459 43 
S5 3.4 49.0 176 34 
S6 9.5 19.5 196 1950 
S7 12.6 25.2 337 414 
S8 11.5 23.8 290 1250 
S9 7.8 30.2 251 23 

In fact, all of these mixtures were reduced in viscosity to the re-
gion of the base oil, P1. The GPC molecular weight distribution 
curves for the polymer additives are shown in Fig. 4-6. These 
chromatographs were made by the PAMA manufacturer. It can 
be seen that only a small amount of shearing takes place in the 
oil reservoir and the entrance region of the EHD contact. 

In order to determine if there is a general correlation between 
energy dissipated in the fluid E and permanent viscosity loss or 
degradation, these quantities have been plotted in Fig. 7. The 
viscosity loss is given by the ratio of viscosity of a sheared sample 
to that of the original, unsheared sample. Similarly, the amount 
of degradation is shown as the ratio of viscosity average molecular 
weight for the sheared samples to that of the original. In the case 
of the polymer solutions all of the energy dissipated was assumed 
to go into the polymers and none into the base oil. A linear corre-
lation coefficient of -0.89 was determined for the variable (µ s /p„) 
on log c and was found to be -0.993 for the equation (MW,s/ 
MW,„) = -.077 lop + 3.92. Attempts to correlate viscosity loss 
and degradation with the energy dissipated per unit volume E 
were not nearly as successful. 

Discussion of Results 

A significant change in viscosity was found in five of the ten lu-
bricants tested, with a maximum decrease of seventy percent. 
Changes in molecular weight were found with a maximum de-
crease of ninety percent. This large amount of degradation indi-
cates that the EHD contact may be the primary source of molec-
ular degradation which has been found in earlier studies using 
automotive engines as the test apparatus. The permanent viscosi-
ty loss also may explain the disagreement that has been reported 
between experimental data and theoretical predictions of film 
thickness for these high MW fluids [10, 14]. 

The non-Newtonian behavior of certain fluids under high shear 
conditions has previously been given as the reason for the lack of 
agreement between theory and experiment in EHD lubrication. 

Fig. 4 Molecular weight distribution, fluid P2 

4  

Fig. 5 Molecular weight distribution, fluid P3 

For the hydrocarbon solutions tested in this study, this lack of 
agreement can be explained by permanent degradation of the 
fluid. In a previous publication [10], the authors determined an 
apparent viscosity loss S by estimating an effective viscosity Pe 

which would bring the film thickness data for high MW fluids 
into agreement with data for Newtonian fluids. This apparent 
viscosity loss is defined by 

S = i  — 
4,3 

By substituting the sheared fluid viscosity p.s  as measured using 
the microcapillary in this study for the effective viscosity, a com-
parable permanent viscosity loss S r, can be determined. Table 5 
lists these values for the fluids which were studied in both works. 
The correlation is apparent. The quantitative differences are par-
tially explained by the fact that the base viscosities were mea-
sured at different temperatures. Also, in the degradation studies, 
samples were extracted from near the contact centerline. The 
samples have, therefore, been subjected to the highest shear 
stresses in the EHD contact. The apparent viscosity loss deter-
mined on the basis of film thickness correlations would be in-
fluenced by degradation in the contact inlet, which has shear 
stresses somewhat lower than the maximum expected near the 
contact center. 

Since a significant degree of correlation between energy dissipa-
tion and viscosity loss or molecular degradation has been found, 
it is possible that with proper development, this can be useful as 
a guide in formulating lubricants. For the present, the machine 
designer must assume that only the base oil viscosity is applica-
ble to EHD lubi-ication conditions with polymer blends. With 
bulk polymers each fluid must be tested for each application. 

The purpose of Fig. 7 is to graphically show the reduced data 
obtained during this investigation. Therefore, extrapolations 
should be avoided. The parameter E has been defined in such a 
way that an increase in the mass flow rate of polymer through the 

Fig. 6 Molecular weight distribution, fluid P6 
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Table 4 	Summary of experimental results 

Ap MWw/ 
Fluid Ns/m 2  percent MW„ percent MW LL Ww MWN MWN 

Pl. 0.0312 404 
1 .6 0.0 

151, 0.0307 1  404 
P2. 0.0130 560,000 610,000 140,000 4.5 

42.3 72.3 64 
P2,  0.0075 2  155,000 220,000 66,000 3.5 
PZ„ 0.0272 560,000 770,000 150,000 5.1 

61 .0 80.2 79 
P3,  0.0106 2  111,000 160,000 23,000 6.7 
P6, 0.0306 1,650,000 3,200,000 390,000 8.3 

73.6 91 2 93 
P6, 0.0081 2  146,000 230,000 68,000 3.4 
Si, 0.0114 426 

-4.3 
Sl, 0.0119' 
S5, 0.175 546 

0.0 
S5,  546 
S6,  0.931 26,000 45,600 10,300 3 .0  

56.1 33.0 38.6 
S6, 0.409' 17,400 28,000 9,280 
S9, 0.0291 422 

-0.7  -0.4 
S9, 0.0293' 424 

Measured at 38 deg C with cone and plate viscometer 
" Measured at 99 deg C with microcapillary 

Measured at 38 deg C with microcapillary 
■ Measured at 25 deg C with microcapillary 

contact results in a decreased r. The data shows that this results 
in a decrease in the amount of degradation. Although this ap-
pears to be a reasonable trend for a given amount of dissipated 
energy, there is some indication that this approach may be an 
over-simplification. Note for example that P2 and P3 experience 
essentially the same amount of degradation even though P3 has 
twice the polymer concentration of P2. 

The inability to successfully test fluids S7 and S8 may be due 
to a near total degradation of the high MW (>104 ) component of 
each fluid as it enters the EHD contact. Elimination of the high 
MW component would leave a silicone lubricant of about 5 x 
10 5  m2/s kinematic viscosity. Such a low viscosity lubricant has 
been successfully tested in this laboratory in previous experi-
ments, but a continuous film could be maintained for only a short 
time. Therefore, although samples of S7 and S8 could not be ob-
tained and analyzed, it appears likely that these fluids were also 
significantly degraded. 

Conclusions 
A new technique has been developed which allows the sampling 

of a lubricant directly from an EHD contact. Hydrocarbon fluids, 
synthetic bulk polymers, and polymer containing hydrocarbon so-
lutions were tested. The viscosities of the fluids were measured 
and their molecular weight distributions were determined. 

The fluids with low molecular weights (less than 1000) were not 
significantly degraded, although the viscosity of one fluid, the 
diester fluid Si, was changed. All fluids of larger molecular 
weight were significantly degraded and the corresponding viscosi- 

Table 5 Apparent and permanent 
viscosity losses 

Fluid S [10] Sp 

P1 0.00 0.02 
P2 0.26 0.42 
P3 0.54 0.61 
P6 0.63 0.74 
S1 0.00 -0.04 
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ties altered. The viscosities of the polymer containing hydrocar-
bon solutions were reduced to the region of the base oil. 

A significant degree of correlation was established between vis-
cosity loss, degradation and energy dissipation. For PAMA solu-
tions, it was shown that degradation increases both with increas-
ing MW and increasing concentration. 
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APPENDIX  

Molecular weioht 
%C atoms in aromatic rings 
%C atoms in naphthenic rings 
%C atoms in paraffinic rings 
Average number of aromatic rings 

per molecule 
Average number of naphthenic rings 

per molecule 
Average number of total rings 

per molecule 

Diester-Plexol 201 bis-2-ethyl hexyl sebacate: 
Source: Rohm and Haas Company 
Manufacturer's designation 
Symbol used in this spud 
Viscosity at -54° C (51 Is 
Viscosity at 38 °C (m /s 
Viscosity at 99 ° C (m/s) 
Viscosity index (ASTM 0-2270) 
Neutralization number (AST, 0-974) 
Cloud point (ASTM D-2500)( C) 
Polyalkylmethacrylate Additives: PL-4521 and PL-4523 
Source: Rohm and Haas Company . 
Manufacturer's designation 
Percent polyalkylmethacrylate in 

solution 
Viscosity at 99 ° C (m

2
/s) 

Viscosity average molecular weight 
Gel permeation chromatograph 

molecular weight average 

Pentaphenyltrimethyltrisiloxane: DC-705 
Source: Dow Corning Corporation 
Manufacturer's designation 
Symbol used in this study 
Viscosity at 25"C (e/s) 
Density at 25 ° C (kg/m ) 
Molecular weight 
Flash point ( C) 
Refractive index 

PL-4521 

36.1 
7.96x10 
560,000 

828,000 

PL-4523 

DC-705 
15 
1.75x10-4  
1090 
546 
243 
1.5790 

404 
3.8 
27.7 
68.5 

0.18 

1.66 

1.84 

PL-5159 

PL-5159 
SI 	

- 3 
7.988x10-5 
1.141x10_6  

150 
0.02 
below -54 

19.0 
7.73x10

-4 

1,650,000 

1,510,000 

Descriptive Data on Test Fluids and Additives 

Petroleum oil: 	R-620-12 
Source: 	Sun Oil 	Company 
Supplier's designation 	 R-620-12 
Type 	 Paraffinic 
Symbol used in this study 	 P1 
Viscosity at 38° C OIL /0 	 3.374x10 -5 

Viscosity at 99 ° C 	(m2 /s) 	 5.402x10 -6 

Viscosity index 	(ASTM 0-2270) 	 103 
Flash point 	° C) 	 216 
Fire point ( 	C) 	 246 
Pour point ( ° C) 	 -15 
Refractive index 	3 	 1.4755 
Density at 20°C(kg/m ) 	 860.2 

Dimethylsiloxanes, 	DC-200 
Source: 	Dow Corning Corporation 
Manufacturer's designation 
Symbol used in this study 
Viscosity at 25 ° C (m2/s) 
Molecular weight (GPC) 

DC-200 
S6 
9.3x10

-4 

45,600 

E1923-48 
57 

1.2 x 	10
-3 

43.000 

E1923-49 
58 

1.06 x 10 -3  
160,000 

Modified Polyphenyl Ether: 	MCS-418 
Source: 	Monsanto Reserach Corporation 
Manufacturer's designation 
Symbol used in this stuUdy 
Viscosity at -18 ° C 	i 	/s) 
Viscosity at 30 ° C (m /P 
Viscosity at 90; 	(m /s) 
Viscosity at 149"C (m 3/s) 
Density at 25 ° C (kg/r4) 
Density at 38 ° C (kg/m1 
Density at 19° C (kg/m ) 
Pour point 	( 	C) 
Refractive index 

WS-418 

1.304x11
-2 

2.5x10 
4 lx10 
2.0x10 
1195 
1184 
1101 
-29 
1.6735 

Printed in U. S. A. 
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Traction of Elastohydrodynamic 
Contacts With Thermal Shearing Flow 
The formulation and solution for the shear stress and temperature in heavily loaded slid-
ing elastohydrodynamic contacts is presented. The solutions are presented in dimension-
less design charts. Integration over the contact area will yield the traction. Accuracy is 
expected to be very good over the nearly flat part of the contact area where the majority 
of the sliding traction is generated. The procedure presented is not appropriate for thick 
film lubrication, for the inlet region, or for the rolling friction of elastohydrodynamic con-
tacts. 
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Introduction 

The high shear, high pressure flow in a sliding elastohydrodyn-
amic contact of a lubricant with known pressure, temperature, 
shear, viscosity relation can be described by a general analysis 
which predicts the maximum temperature and the shear stress of 
the film. Other film quantities can be derived therefrom. The re-
sults are of interest for the determination of traction coefficients 
of sliding elastohydrodynamic contacts. 

The study of thermal effects in lubricant films is not new. 
However, investigations of classical thick film lubrication where 
thermal effects are considered do not include high pressure and 
high shear as found in sliding elastohydrodynamic contacts. Nu-
merical methods are often used to obtain solutions in the thick 
film thermal case except for highly simplified situations. Most of 
these earlier efforts were aimed at journal bearings and sliders 
and give insight in the thermal film behavior. The pressure gradi-
ent and the heat convection terms can not generally be neglected 
in the problem formulation. The theoretical work of Hunter and 
Zienkiewicz [1.1 1  1960 may be regarded as typical. Their results 
showed that viscosity variations perpendicular to the film signifi-
cantly reduce the load capacity. Nonconducting walls showed 
lower load capacity than conducting walls. The findings of Wil-
cock and Rosenblatt [2, 3], 1952, 1957, that the viscosity at the 
average outlet temperature adequately describes the bearing op-
eration was confirmed in the case of heat conducting walls. 

The works of Ezzat and Rohde [4], 1973, and of Sierig and 
Ezzat [5], 1973, comprehensively review the thermal thick film 
problem from the Beauchamp Tower observations and the Fogg- 

' Numbers in brackets designate References at end of paper. 
Contributed by the Lubrication Division of THE AMERICAN SOCIETY 

OF MECHANICAL ENGINEERS for presentation at the ASME - ASLE 
Joint Lubrication Ciinference, Montreal, Canada, October 8-10, 1974. Re-
vised manuscript received by the Lubrication Division, June 26, 1974. 
Paper No. 74-Lub-28. 

Copies will he available until June, 1975.  

effect to Donaldson's [6] concept of an adiabatic transformation. 
The two works of Ezzat, et al. [4, 5] contain an extensive refer-
ence list on thermal thick film treatments. The aim of this group 
of investigations is to predict primarily film thickness or load ca-
pacity. Traction is seldom treated. 

Some analytic presentations of thermal effects are available 
[7-11]. The solutions are given, in most cases, only for specific 
temperature viscosity relations, which often result in inadequate 
accuracy of the viscosity prediction if used for the relatively large 
temperature differences of a sliding elastohydrodynamic film. 

Theoretical predictions of traction in elastohydrodynamic lu-
brication where thermal effects are included have relied on nu-
merical methods as in the case of most thick film work. The com-
puted solutions have been part of a greater investigation of ther-
mal effects by Cheng and Sternlicht [12], 1965, Cheng [13, 14], 
1965, 1967, and Dowson and Whitaker [15], 1965-1966. The main 
purpose of these works was to predict film thickness, pressure and 
temperatures. Only a few parameter combinations are calculated 
completely and line contacts are emphasized. 

The analytic approach of Crook [16], 1961, is an attempt to 
predict a general friction behavior of a sliding line contact. The 
isothermal wall condition applied appears to be an oversimplifi-
cation compared to reality. The analysis of Chiu [17], 1974, on 
rolling traction and sliding traction in the inlet and exit regions of 
a starved point contact gives dimensionless diagrams for direct 
determination of the traction. The analysis is not valid, however, 
for the unstarved condition. Some doubts have further been ex-
pressed because elastic deformations have not been included in 
the analysis. The simplified traction solution approach presented 
by Kannel and Walowit [18], 1971, appears primarily to be based 
on an extension of Crook [16]. Respectable agreement is found 
with the computer calculated results of Cheng [13] and with the 
data of Crook [16]. The Kannel and Walowit [18] solutions are de-
veloped with the shear rate as variable and use the isothermal wall 
condition T = To (y = ±h/2). 

The available solutions intended for use in elastohydrodynamic 
lubrication appear not to possess the desirable direct accessibility 
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to engineering use nor the generality of an analytic approach. 
More realistic boundary conditions may also improve the agree-
ment with traction measurements. 

A simplified, analytic method for shear stress determination in 
the high pressure area of a sliding elastohydrodynamic contact is 
presented. A general pressure-temperature-shear-viscosity rela-
tion for the lubricant is assumed, Solutions in terms of shear 
stress can he obtained directly with the use of dimensionless di-
agrams. Sliding speed and thermal conductivity of the lubn tnt 
must be known. Lubricant viscous properties, pressure distnou-
lion and film thickness of the high pressure part of the contact 
must be known from calculations or measurements. The Hertzian 
pressures can be used for a first estimation of the traction. A real-
istic model for the viscous behavior of many lubricants is also 
presented. 

Problem Formulation 
The change of film thickness over the major part of an elas-

tohydrodynamic contact is small compared to the film thickness 
particularly for highly loaded contacts. The shear stress compo-
nent generated by the pressure gradient is also small over a great 
part of the contact area compared with the shear stress compo-
nent from the sliding action. The effect of convection along the 
film is small compared with the heat conduction perpendicular to 
the film. Therefore, a unidirectional laminar flow, with pointwise 
constant pressure and temperature between parallel surfaces may 
be assumed as a good approximation for the flow: ua = u1(x3), u3 
= 0. p = const, T = T(x 3). The flow model is shown in Fig. 1 
which also shows the boundary conditions. Surface 2 is moving 
with constant velocity u1 = (UN) in the x 1  direction. Constant 
thermal conductivity is assumed. The assumptions are discussed 
further in [211. 

The governing equations for conservation of momentum and 
energy, respectively, are reduced to: 

713  = T = const 
	

and (kr,, 3 ), 3  + n(u 1 2 3 ) 2  = 0 (1) 

The boundary conditions are 

u f  (0) = 0 
	

Ti  = T 1 (0) = const 	
(2) 

uf  (h) --= (UN) 
	

T2 = T2 00 = const 

Although the analysis of these equations can be utilized with 
any general viscosity relation F(p,T,r,q) = 0, a particular form of 
this relation will be introduced which will be used in selecting pa-
rameters with which to nondimensionalize the governing equa-
tions. The so-called power exponential viscosity description [21] 

lnln 	= 7r 3 (lnE — 	 (3) 
773 	 T. p  

h 	///81"-/// /  3 T, 

X3  IL 	VISCOUS Lubricant 

Fig. 1 Flow model 

where E and 71- 3  are functions of pressure, has been found to give a 
reasonably accurate description of the viscosity behavior within a 
range of temperature of 39C-100C for many fluids. The range is of 
the same magnitude as the temperature difference often expected 
in elastohydrodynamic films. The temperature-viscosity relation 
(3) can be written as 

E 73. 
= exp 	

) •) 
	 (4) 

The introduction of this form will also permit the graphical pre-
sentation of the results to facilitate their utilization. 

The expressions (4), (1), and (2) become in nondimensional 
form 

= exp(9-'3) 

 ns = 

9,-zz  + 277 4 7 5u, z  = 

u(0) = 0 	e(o) 
u(1) = 1 	0(1) 

0 

= 1T2 

(5) 

(6) 

(7) 

(8) 

with the variables, dimensionless temperature, velocity and film 
thickness, introduced as 

= T/E 	u = ut/(UN) 	z = x3/h 
	

(9) 
and the operational parameters of the problem combined as the 
dimensionless quantities 

TF4 = no(UN)2/2kE 115 = Th/71 0 (UN) 

Tri = TVE 	Tr2 = T2/E 	
(10) 

The products r4 and 7T5 can be regarded as dimensionless velocity. 
and shear stress parameters, respectively. 

The Maximum Temperature 
and the Shear Stress 

The assumptions imply that the film is convectionless and also 
that the direction of heat conduction is perpendicular to the film 

%, 	 0  

xi, x3 = 

Z 

n = 

 no = 

7135 = 

nioo = 
0 = 

= 

xo = 

Nomenclature 	 

E = lubricant material parameter, the 
temperature (K) at which the 
viscosity is 2.718 x 10 -3  NSM -2  

h = film thickness, m 
/(i, j) = j- ,T; WE, 7r3)) -1 c/Z 

k = thermal conductivity of lubricant, 
Wm -1  K -1  

p = pressure, Nm -2  
T = temperature, K 

To  = arbitrary base temperature, I 
UN = velocity of moving surface in x 1 

 direction, ms- 1  
ul = velocity of fluid in x 1  direction, 

me - 

u = dimensionless velocity, uj/UN  

dimensioned coordinates, m 
dimensionless coordinates,;111 .and 

—
x3 

, respectively 

viscosity, Nsm - 2  
dimensional constant = 10 -3 

 Nsm-2  
viscosity at 38C, Nam -2  
viscosity at 100C, Nsm -2 

 dimensionless temperature 
T/E 

dimensionless viscosity = n/no 
dimensionless base temperature 

= To/E 

7ri = dimensionless fixed wall tempera-
ture = Ti/E 

112 = dimensionless moving wall tem-
perature = T2/E 

,r3 = dimensionless lubricant material 
parameter 

71. 4 = dimensionless velocity parameter 
= 770(UN) 2 ( 2kE) — 1  

1r5 = dimensionless shear stress param- 
eter = Th(lio(UN)) -1  

= au, z  
T = shear stress, Nm - 2  

= subscript indicating differentia-
tion with respect to the follow-
ing variable. 
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r wi 	de 
714 = — 1(1,2) 

P-( 9 1 7 3) 
12 

ture r i  is found in many situations to be of only minor impor-
tance because the temperature dependent integrand is small at 
low temperatures compared with the magnitude of the integrand 
when the temperature is near the maximum temperature. The 
maximum temperature depends therefore mainly on the velocity 
parameter r4, the power exponent 73 and the characteristic tem-
perature E. 

Auxiliary diagrams to determine the material properties W3 and 
E from viscosity data for the lubricant are presented in Appendix 
A. Approaches to the determination of the local temperature 7r 2  of 
the moving, colder bearing surface are found in Carslaw and Jae-
ger [22), 1962, which also contains further references to the origi-
nal papers of Blok, 1937, and of Jaeger, 1942. 

To obtain an expression for the shear stress in the case where 
the stationary wall is adiabatic we again substitute 7r5  from equa-
tion (6) into (11) and integrate from the stationary wall to an ar-
bitrary location in the film to obtain 

(12) 	 f 9  , 	+ 7r 4u2  
Trzl 

plane. Equation (1) shows that the shear stress, r and hence 7- 3 , 
is constant through the film, because p, i  is assumed insignificant. 

The local heat generation, due to viscous dissipation, is propor-
tional with the shear rate, or film thickness, and the heat conduc-
tion is inversely proportional with thickness. The temperature 
distributions, and thereby the temperature extrema, are thus in-
dependent of the film thickness. The temperature profiles are 
symmetric about the adiabatic plane of the film. Considering the 
adiabatic plane located at the stationary surface is a good ap-
proximation for sliding elastohydrodynamic situations. 

If we integrate equation (7) across the film from the stationary 
(adiabatic) surface to some arbitrary location in the film, we ob-
tain 

0. z (z) + 27rer 5u = O. 	 (11) 

Substituting W5 from equation (6), rearranging and integrating 
across the film gives, 

By introducing an arbitrary base temperature ir 0  < 71 or r 2  this 
can be written as 

71- 4  + 1(2,0) .= 1(1,0) 	 (12a) 

These integrals can be evaluated and graphically presented for a 
given viscosity function g(0,r3). For the particular viscosity func-
tion described above (equation (4) or (5)), these integrals are 
plotted in Fig. 2. 

The integrals, from wo to rr,, are plotted in the figure for x3 = 
1.0, 1.5, 2.0, 2.5, 3.0 and 4.0. Entrance to the diagram is through 
the lower temperature 7r2. Intersection of the vertical line 7r2 with 
the appropriate interpolated r 3  value gives the value of the inte-
gral term 1(2,0). The value of 7r4 is added to 1(2,0) which gives 
1(1.0) as shown in equation (12a). Intersection of the horizontal 
line of 1(1,0) with the appropriate 7r3 value gives the desired r 1  of 
maximum temperature. 

The displacement of the adiabatic plane to the stationary sur-
face does not reduce the generality primarily because the film be-
havior is symmetric about the adiabatic plane. The film thick-
ness does not participate in the determination of the maximum 
temperature. The influence of the temperature r 2  of the moving, 
cold wall, r 2  < rr i , on the magnitude of the maximum tempera- 
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which gives 

1 	f iri 	c4 	1 / 2 

14(6)  — 771 j e 

Substituting (13) into (11) and integrating from one surface to the 
other and rearranging yields, (21), 

r t 	 -1 / 2 1 

= 2J f 6)} 	de = 7r5 (7ri ,g 2 ,7r3 ) 	(14) 
7rr 

4 	2 

which is the dimensionless shear stress. 
The dimensionless shear stress, 7r 3 , depends on three dimen-

sionless parameters only, 7 1 , 71- 2 , 7-3. The dimensionless velocity 
parameter 7r 4  depends on the same set of parameters through 
equation (12). 

Thus the shear stress r 3  of equation (14) depends on the same 
operational quantities as the maximum temperature of the film. 
The shear stress r depends also on the film thickness h. Informa-
tion about the thickness must be available, from measurements 
or from calculations, in order to determine the shear stress. 

The dimensionless shear stress function, equation (14), can be 
evaluated and graphically presented for a given viscosity function 

3 

1 	 1 /2 
=

-
(9)} 	(13) 

V 774  
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00,73). For the particular abovementioned viscosity function 
(equation (4) or (5)), the function 7r 5  has been evaluated and 
plotted in Fig. 3. It shows the presentation for 7r 3  = 1.0, 1.5, 2.0, 
2.5, 3.0 and 4.0, and for appropriate 71- 2  values. The range of 7r5 in 
the figure covers the expected operation of elastohydrodynamic 
films. 

The interpolation procedure can be carried out as shear stress 
determinations for two slope exponents, 1- 3 , of the diagram values 
which are nearest to the 7r3 exponent of the lubricant. A straight 
line between the two determined stress values, 7 5 , will intersect 
with the actual 7r3 curve of the lubricant and give an approxima-
tion to the desired dimensionless shear stress 75 of the film. The 
shear stress can then be calculated from equation (10). 

The traction coefficient is determined as the summation of the 
shear stress distribution over the contact area. The traction coef-
ficient may be determined also in the case of nonadiabatic walls 
using the symmetry properties of the film. The temperatures of 
the walls, Fig. 1, must be estimated, [22]. The dimensionless ve-
locity of the adiabatic plane is found as u a  = 1/2 + (((2,l)/27r4)- 
The two parts of the film, divided by the plane, are considered 
individually assuming the relative velocity, with respect to the 
adiabatic plane, contained in two new velocity parameters. Itera-
tion for the two parts of the film with the diagram, Fig. 3, may be 
continued until satisfactory agreement with the wall tempera-
tures is achieved. 

Conclusions 
The shear stress and the temperatures in the high pressure part 

of a sliding elastohydrodynamic point or line contact can be de-
termined directly with the presented design charts. The applica-
bility is dependent on: 1) the ratio of the shear stress due to the 
pressure gradients to the shear stress due to sliding, and 2) the 
ratio of heat convection along the film to heat conduction perpen-
dicular to the film plane. The accuracy of the procedure is best 
where these ratios are small, <s:.- 1. This is the case over 80-90 per-
cent of the Hertzian area in elastohydrodynamic contacts where 
the major part of the sliding traction is generated. The procedure 
is not valid for thick film lubrication or to inlet-exit zones of elas-
tohvdrodvnamic contacts. 
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APPENDIX A 
Figs. 4. 5 and 6 are prepared in order to facilitate the determi-

nation of 7r3 and E. Fig. 4 shows the slope parameter ir 3  as a func-

tion of the viscosities 9 39 1,, and rylooin•  Entrance to the figure is 

the two viscosities measured at constant pressure, at the temper-

atures 39C and 100C, in the units of Nsm -2 . An ASTM chart (D 

341-43) or similar charts may be used to determine the viscosities 

n3s and inryry if existing data were at other temperatures. Figs. 5 

and 6 show the temperature E, in Rankine and Kelvin as function 

of ry as  and 1-3 . Fig. 5 gives relatively high resolution for lubricants 

with the slope parameter 7r3 in the range 1 to 2. Fig, 6 gives rela-

tively high resolution for lubricants with the parameter 71-3 in the 

range 2 to 4. 
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Dissipative Heating Effects and End 
Corrections for Viscous Newtonian 
Flow in High Shear Capillary Tube 
Viscometry 
The effect of dissipation heating on the apparent viscosity measured in capillary tube 
viscometry is described in this paper. Conditions of low Reynolds number and high shear 
are assumed. End corrections to .the tube flow, found to be 37116 times the diameter of 
the tube, are incorporated. The flow curves show deci-easing apparent viscosity when the 
shear stress increases. The configuration of the flow curves plotted in logarithmic presen-
tation are found to be identical for fluids with Newtonian behavior. Convection is the 
predominant mechanism in removal of the heat in short capillary tube. The estimated 
upper bound for the shear stress obtainable in short length capillary tubes appears to be 
of the order of magnitude of 10 MPa limited primarily by the pressure drop associated 
with the constant end correction from the flat ended inlet and exit of the tube. 
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Introduction 
The measurement of the viscosity of liquid lubricants is of im-

portance from an engineering point of view and hence has re-
ceived a great deal of attention and work. The dependency of the 
viscosity on pressure, temperature and shear is of particular in-
terest for elastohydrodynamic lubrication. 

The ASME Pressure Viscosity Report, 1953 [1] is the most ex-
tensive single experimental work on pressure viscosity relations of 
lubricants found in the literature. The report documented large 
viscosity increases of all investigated lubricants at pressures of 
the same magnitude as the pressures reached in elastohydrodyna-
mic contacts and showed large viscosity dependency on tempera-
ture at all pressures. The measurements were performed at low 
shear stress, in a falling body viscometer. 

The elastohydrodynamic contact can be regarded as a high 
shear, high pressure viscometer. It has been used in sliding, roll-
ing, or squeezefilm arrangements to measure lubricant behavior. 
Evaluation of traction data from elastohydrodynamic contacts 
is difficult, however, particularly for deduction of viscosity rela-
tions. Only the total traction is measured. The main objection to 
the use of an elastohydrodynamic contact as a viscometer seems 
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to be that the parameters of primary interest pressure, tempera-
ture and shear cannot be varied independently of each other. 

Vibrating crystal viscometers have been used to measure shear 
elasticity and viscosity of lubricants under conditions of high an-
gular frequencies and small displacement amplitudes. The angu-
lar frequency is interpreted in these measurements as a quantity 
comparable with the shear rate in continuous shear. Some experi-
mental results from high pressure work are available [2-3[. 

Capillary tube viscometry has been a preferred method of mea-
surements of lubricant Theological relations particularly for high 
pressure investigations. 

For a review of the work in this area prior to 1965 see Hersey 
[4]. High pressure, high shear measurements have been reported 
recently. Many types of lubricants, both mineral oils and syn-
thetic lubricants, have been investigated by capillary viscometry 
in ranges of pressure, temperature and shear which are important 
for the understanding of elastohydrodynamic lubrication. Capil-
lary tube viscometry offers conveniently an experimental situa-
tion where the effects of pressure, temperature and high shear 
stress on the viscous properties of lubricants can be independent-
ly investigated. High shear measurements can be performed in 
cylindrical capillary tubes with a small ratio of length and diam-
eter with reasonably small pressure drop. Inlet and exit correc-
tions must be evaluated properly. The high shear measurements 
can be carried out under experimental conditions of very low 
Reynolds numbers, Re  1, when the viscosity is of the same 
order of magnitude as the viscosity in the elastohydrodynamic 
film and a tube diameter 100 pm. 

The viscous flow of a fluid through a capillary tube generates a 

Discussion on this paper will be accepted at ASME Headquarters until November 11 1974 
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temperature increase, due to the dissipation heating, and a corre-
sponding viscosity decrease of the fluid. The shear stress and the 
shear rate both reach their greatest value at the wall and are zero 
at the axis. The heat generation, which is the product of the 
shear stress and the shear rate, is greatest at the wall of the cap-
illary tube and zero at the axis. The temperature after the inlet 
will therefore remain low at the axis and increase in radial direc-
tion with increasing distance from the axis till the cooling effect 
of the wall is noticeable. The temperature near the wall will re-
main low due to the relatively high heat conductivity of the wall 
material compared with the conductivity of the fluid. The tem-
perature profiles are axisymmetric assuming an uniform inlet 
temperature. The radial temperature distribution immediately 
after the inlet is thus characterized by an annular maximum near 
the wall and low temperatures at the center and at the wall of the 
capillary tube. The temperature at the axis increases slowly in 
the downstream direction due to radial heat conduction towards 
the axis of the capillary tube. The radius of the annular maxi-
mum decreases with increasing distance from the inlet. 

The viscous flow of a fluid into a cylindrical capillary tube from 
a reservoir also has associated with it a pressure drop originating 
from the velocity gradients in the contraction of streamlines be-
fore the inlet. The pressure drop ahead of the inlet is independent 
of the length of the capillary tube. The flow from the exit of the 
cylindrical capillary tube to a receiving reservoir generates an ad-
ditional pressure drop. The stream lines of the exit flow will at 
sufficiently low Reynolds number be expected to assume a config-
uration equal to the configuration of the streamlines of the inlet 
flow because the stream function, at R., 0, and the boundary 
conditions are symmetric with respect to the axial coordinate. 
The pressure drop at the exit and at the inlet are therefore identi-
cal under such conditions. The sum of the pressure drop outside 
the capillary tube cavity must be subtracted from the measured, 
total pressure change in order to calculate a correct shear stress 
in the fluid. The correction is often carried out as a number 
added to the geometrically determined ratio of capillary tube 
length and diameter. The magnitude of the correction may be 
found experimentally. The inlet and exit pressure drop generate 
temperature increases and corresponding viscosity decreases of 
the fluid due to dissipation heating, in the same manner as the 
changes that happen in the cylindrical capillary tube cavity. 

High shear rate capillary viscometry has been the subject of 
several studies [cf., 4, 10-15]. The effect of temperature increase 
and resulting viscosity decrease have been studied by several au-
thors [10, 13, 14, 15, 16]. However, they have not focused on the 
possible reduction of those effects and consequently increasing the  

upper limit of shear stress that can be attained in capillary vis-
cometry. This is the purpose of the present research. 

The purpose of this presentation is twofold. It is an attempt to 
establish criteria to distinguish dissipative heating effects from 
effects of non-Newtonian properties in capillary tube measure-
ments. The purpose is also to indicate the possibility to attain, in 
capillary tube viscometry, fluid shear stresses approaching the 
average shear stress level experienced in an elastohydrodynamic 
film. The pressure level and temperature level are principally in-
dependent of the imposed shear stress in such an experiment. 
Time duration of shear load on a fluid particle is of the same 
order of magnitude as the contact time for the moving surfaces of 
an elastohydrodynamic contact. Rheological investigations of lu-
bricant properties may thus be performed under simulated elas-
tohydrodynamic conditions and under terms of mutual indepen-
dency among the most important parameters pressure, tempera-
ture, and shear stress. 

Problem Formulation —Flow in the Capillary Tube 
The distribution of temperature increase over a uniform inlet 

temperature and the corresponding increase of flow rate are esti-
mated for a highly viscous, high shear stress flow through a cylin-
drical capillary tube. The volume flow and the pressure drop over 
the capillary tube cavity are the measured quantities. The Reyn-
olds number for the flow is sufficiently small so the entrance 
length, calculated according to the approach by Schiller [17], can 
be neglected in comparison with the total length of the capillary. 

Fully developed flow is thus assumed to be present already at 
the inlet. Inertial forces are therefore zero. The flow is assumed to 
be steady laminar axisymmetric flow with the velocity a function 
of radius only. The velocity is zero at the wall and a maximum in 
the center. The pressure is assumed to be a linear function of dis-
tance down the axis of the tube. The-fluid temperature is a func-
tion of radial and axial dimensions and is zero at the inlet and at 
the tube walls. Material properties, density, specific heat, and 
thermal conductivity are assumed constant. 

Energy transport by axial convection and radial conduction 
only are considered. As will be seen, axial convection is the most 
important mode of energy transport with radial conduction im-
portant primarily near the tube wall. Axial conduction is small 
compared to convection and is also small compared to radial con-
duction unless (L/D) 2  IS 1 and even then the convection term is 
more important than either radial or axial conduction. 

First temperature distribution in the capillary tube due to dis-
sipation is estimated for the case of axial convection and constant 
viscosity but no radial conduction. The deviation of the flow 

Nomenclature 	  

c = specific heat per unit mass 
k = coefficient of heat conduction 
P = pressure 

c, = dimensionless pressure gradient 
= -(p , ,)LIc pE 

q = volumetric flow rate 
= dimensionless volume flow rate 

= - (P.:)R4 /4LnK = - (2/r) (qILK) 
r = radius 

r,9,z = coordinates in cylindrical coordi- 
nate system 	 Ame 

u:  = velocity in axial directIon 
D = diameter of the capillary tube 

D = 2R 
E = a lubricant material parameter, 

the temperature (K) at which 
the viscosity is 2.718 x 10 .-3  
Nsm -2  

= length of the capillary tube 
= length equivalent with the end 

correction 
= radius of the capillary tube 
= Reynolds number 
= temperature 
= pressure drop 
= pressure drop ahead of the inlet 

area 
= sum of pressure drop ahead of the 

inlet and after the exit area 
= total pressure drop over inlet, 

capillary tube and exit Ap r  = 
APie+ AP 

= viscosity 
= dimensionless temperature 0 = 

TIE 

= thermal diffusivity of the fluid 
K = klc p 

= dimensionless viscosity 

71-3 = a lubricant material parameter 
1r3 

p = density 
= dimensionless radius p =-- r/R 

r = shear stress at the wall of a cylin-
drical capillary tube r = 
Ap/4(LID) 

= stream function 

w = dimensionless axle] coordinate 
= z/L 

= index denoting differentiation 
with respect to the following 
symbol 

, pr 
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curves will he evaluated assuming the estimated temperature dis-
tributionbut using a temperature dependent viscosity function in 
the calculations of flow rates. 

The procedure is then repeated incorporating radial conduc-
tion. "I'ht temperature distribution is estimated assuming axial 
convection, radial conduction and constant viscosity. The flow 
curves are then evaluated using the estimated temperatures but 
assuming temperature dependent viscosity in the calculations of 
flow rates. 

The equation of mass continuity is satisfied identically and the 
equations of motion are reduced to 

IP) 4 = (ri ,9 r), r 	 (1) 

The energy equation reduces to 

por,T, 	k(T, „ + (1/r)T, 	+ )7(u,, 02 	(2) 

Integration of equation (1) and the condition of axisymmetric 
flow, u, r (0) = 0, give the equation (2) 

— 152 ) = 0, 	+ (15)0, p  + 2fr, „:13 2 	(3) 

where 

r/R 0 T/E 	z/L 	 (4) 

and 

	

= (- p, z)R4 /4L-rm A „ = (- p, z ) L/cpE 	(5) 

The boundary conditions becoleit 	 g -.lc" 
6(1, w) 	9(p, o) = 0 	 (6) 

No Heat Conduction. The special case of no heat conduction 
in the fluid, is of interest because it gives an approximate de-
scription of the expected temperature profiles immediately after 
the inlet. This case also gives a particularly good description of 
the temperatures of the fluid following streamlines near the capil-
lary axis. When heat conduction is absent, equation (3) reduces 
to: 

0 , , = (52 /(1 - T) 2 ))f),,,, 	 (7) 

with the solution 
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lary tube configuration, viscosity level, and fluid type are varied. 
The velocity profile determined by assuming the temperatures 

of equation (8) and an arbitrary temperature viscosity relation 
does not depend on capillary tube dimensions or materials. The 
relative increase in flow rate of the same fluid through different 
capillary tubes will therefore depend on the pressure drop alone 
over the capillary tubes. The flow curves, measured apparent vis-
cosity, proportional with the ratio of pressure drop and volume 
flow rate, plotted as a function of shear stress, will consequently 
have the same configuration in a logarithmic presentation but 
will be displaced in the direction of the shear stress axis accord-
ing to the actual length over diameter ratio for the capillary tube 
in question. 

The temperature profiles are independent also of the viscosity 
of the fluid, equation (8). 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. The flow curves are thus of the same congruent 
form for different viscosity levels but are displaced through a 
translation along the viscosity axis alone. The flow curves for a 
fluid will thus have the same form independently of capillary 
tube dimensions and viscosity level of the fluid. 

In comparison, between fluids different material properties 
must be assumed. An exponential temperature viscosity relation 
is of sufficient generality to describe properly the viscosity behav-
ior of fluids for temperature changes of the order of magnitude 5 
— 10 K which approximately is the range of interest for the tem, 
perature increase. The linear relation between temperature in-
crease and the ratio of pressure drop and specific volumetric heat, 
equation (8), and the assumed exponential temperature viscosity 
dependency imply a constant ratio of pressure drop for two fluids 
when equal decreases in apparent viscosity are generated. Fluids 
with the smaller ratio of temperature viscosity coefficient and 
specific volumetric heat will show the same temperature profile in 
the capillary cavity as fluids with greater ratios but at greater 
pressure drop. The flow curves for different fluids will therefore 
have congruent forms in logarithmic presentation but will be po-
sitioned along the shear stress axis in accordance with actual 
temperature viscosity coefficients and specific heats per unit vol-
ume. 

The conformity of the flow curves can be expected over a great-
er range of temperature differences. The exponential power tem-
perature viscosity relation 

e
ro 	a, 

) IP 
	 (10) 

yields a more nearly accurate description of the viscosity behavior 
within a range of temperature change of 40 — 100 K for many 
fluids. The ratio of the local temperature increases for two fluids 
under comparison is approximately constant for relation (10), 
proportional with the ratio of the power exponents, in the range of 
interest of temperature increases and pressure drop. The ratio of 
pressure drop necessary to produce equal changes in apparent 
viscosity for two fluids is therefore also approximately constant. 
The conformity of the flow curves can thus be expected over 
greater range of temperature changes than approximately 10 K. 

The flow curves of apparent viscosity will be of identical form 
irrespective of the dimensions of the cylindrical capillary tube, 
the viscosity level of the fluid and the type of fluid in the range of 
interest when no heat conduction is present. 

Flow With Radial Conduction. It is clear from the foregoing 
that radial conduction will be important especially near the wall. 
The general form on the flow curves will be modified to some ex-
tent when heat conduction is present. The temperature profiles 
can be approximated through solution of equation (3) with the col-
location method. The temperature of the fluid along the capillary 
tube axis will not increase discernibly during passage of a rela-
tively short capillary tube. The centerline temperature is there-
fore assumed to remain nearly constant in the solutions. A series 
expansion of the form 

3 

e - (k= (13 2 /(1 	73 2 ))1),,,,w 	 (8) 

satisfying the condition 8(n,0) = 0. The isothermal condition 
&kit- Y(1,w) = 0 cannot be expected to be satisfied in this case. 

The temperature in the capillary tube increases linearly with 
the axial coordinate when no conduction occurs. The temperature 
is zero along the axis and increases without bound when /5 = 1. 
The temperature profiles as a function of the relative radius is 
shown in Fig. 1. The temperatures depend only on the pressure 
drop over the length L, the specific heat and on the location in 
the capillary. Fluid viscosity, shear rate or capillary tube diame-
ter do not participate in determination of the temperatures. For a 
typical pressure drop of 3.45 MPa over the length L with a lubri-
cant of 1.74 MPa/K specific heat per unit volume, equation (8) 
gives the temperature profile at the exit: 

T = 2 .0(13 2/(1 — P 2 )) 	 (9) 

A temperature dependent viscosity can be introduced in order 
to estimate the character of the flow curves. The increase in vol-
ume flow, and thereby the decrease in apparent viscosity, due to 
heat dissipation, can be evaluated. Shear rates and fluid veloci-
ties can be determined when the temperatures as described by 
equation (81 are assumed. An increased flow rate can then be 
found direct by integration of the velocities. The decrease in ap-
parent viscosity can be found by the ratio between pressure drop 
and increased flow rate. The assumption of an unchanged tem-
perature profile represents an approximation which can be justi-
fied only within a certain interval of applied pressure drop. It is 
shown in the following that the flow curves will be congruent in 
the range of interest of the experimental parameters when capil- 



DIMENSIONLESS RADIUS 

Fig. 1 	Temperature distribution in capillary tubes for the case: no heat 
conduction in the fluid (w = 1, 1p = 3.45 MPa, Cp = 1.63 MPa/K, E 
= 1111 K) 

e— =-• WEa„(1 — 5 2 ") n positive integer 	(11) a. 

has been selected. It satisfies the boundary conditions of zero 
temperature at the entrance and at the wall and gives a dimen-
sionless temperature at the axis equal to the sum of the coeffi-
cients a,i . Eight radially and variably positioned collocation 
points were employed at each axial location. Temperature profiles 
for typical flow situations in a cylindrical capillary tube with a 
dia of 88 am and a ratio of length and dia of 1.35 are shown in 
Fig. 2. The viscosity of the fluid is 3 Pas. The maximum temper-
atures are found at O .9. The magnitude is 4.9 K at the exit for 
a pressure drop of 3.4 MPa over the capillary tube. This gives ap-
proximately 2.5 K average temperature increase and 5 — 10 per-
cent decrease of viscosity at that location. The total change in 
apparent viscosity will however be much smaller. The figure 
shows also the temperature profile at io = 0.5. The maximum 
temperature is .1.1 K at = 0.93. The selected series expansion 
(11) gives the expected trend, in the solutions obtained via collo- • 
cation, of decreasing radius of the annular maximum when axial 
distance from the inlet increases. It can also he seen from the fig- 

ure that the magnitude of the temperature peak is not propor-
tional with axial position w. This is, in general, true at all radial 
positions, for p greater than about .7, where heat conduction is 
significant. Heat conduction is not significant in a center core p < 
—0.7, and temperature increases are seen to be proportional to 
axial displacement in this region. The figure shows also the tem-
perature profile for a pressure drop of 6.9 MPa over the capillary. 
Temperatures in the center core region is doubled compared to 
the temperatures for a pressure drop of 3.4 MPa. The tempera. 
ture peak at .gip = 6.9 MPa is more pronounced with a maximum 
of approximately 12.7 K at 1i — .92. 

Fig. 3 shows the contribution from convection, conduction and 
dissipation from equation (3). The pressure drop is 6.9 MPa. The 
profiles are calculated at w = 1. The dissipation profile is the 
same when to = 0 as for co = 1. The convection profile is a mirror 
picture about the p axis of the dissipation profile when co = 0. 
Convection removes therefore the total,amount of generated heat 
when co = 0. The generated heat is seen to be removed primarily 
also by convection even at the exit, co = 1. Conduction, in radial 
direction, sends an estimated 15 percent of the total dissipation 
heat to the capillary wall when co = 1. This happens in the region 

> 0.86. The total amount of heat conducted away to the walls 
can be estimated to be of the order of 7.5 percent for the total 
capillary' length assuming as an approximation that the conduc-
tion contribution increases linearly with co position. It is seen, at 

= 1, that a small amount of heat is conducted inwards when p 
< 0.86. 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 will, therefore, expectedly 
transfer to the case when heat conduction is present with some 
slight modifications. The small amount of heat conducted away 
suggests also that the capillary measurements are insensitive to 
the degree to which the desired condition of isothermal wall is 
satisfied. 

The flow rate at co = 1 can be estimated under the assumption 
that the shear rate from the constant viscosity case is modified by 
exp03...\ 7') where (3 is the temperature viscosity coefficient for an 
exponential viscosity dependency of the fluid temperature and 

Fig. 2 Temperature distribution in a capillary tube: heat conduction 
present (D = 88,um, 1./1) = 1.35, = 3 Pas, K = 68 X 10 -9  m 2 , , s, Cp 
= 1 63 MPa.K, £ = 1111K) 
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Fig. 3 Heat balance; contributions from convection, conduction and dis-
sipation (L/D = 1.35, w = 1, q = 3 Pas, K = 68 X 10 -9  rn 2 /s, Cp = 
1.63 MPai'l<, E = 1111 K, ..113 = 6.7 MPa; quantities are nondimensiona-
lized with respect to the dissipation at i) = 1) 

AT is the temperature increase determined previously. Expected 

flow curves of two model fluids synonymic with a known dimethyl 

siloxane and a known synthetic paraffinic oil have been deter-

mined for measurements in capillary tubes of ratios of length and 

dia of 14.9 and 1.35. Exponential temperature viscosity relations 

were assumed for both fluids with coefficients d = 0.027 for the 

Siloxane and 13 = 0.054 K for the Synthetic Paraffinic Oil. 

Equal specific volumetric heats and equal exponential-power base 

temperatures E were assumed for the two fluids. Fig. 4 shows the 

expected behavior of the model fluids. The four flow curves are 

congruent in the range of obtained shear stress. The less tempera-

ture viscosity sensitive Siloxane shows a smaller drop in apparent 

viscosity than t he Synthetic Paraffinic Oil at increasing, compa-

rable shear stress. The curves. from the shorter length capillary 

tube are located at higher shear stress than the curves from the 

longer capillary tubes. The gain in obtained shear stress with the 

use of the short capillary tube is less than expected from the 
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Fig. 4 Calculated flow curves for the model fluids (SPO = synthetic 

paraffinic oil, S = dimethylsdoxane, apparent viscosity normalized with 

respect to the low shear viscosities) 

length and diameter ratios of the capillary tubes. It might be 

speculated that the relatively better performance of the longer 

capillary tube can be ascribed to better cooling conditions. 

Pressure Drop for the Inlet and Exit Flow 
The pressure drop associated with highly viscous laminar flow, 

Re  0, from a semi-infinite reservoir to a cylindrical capillary, to 

a circular hole in a flat wall, can be expected to depend only on 

viscosity q, volumetric flow rate q and diameter D of the en-

trance. The pressure drop will, analogous with Poiseuille flow, .1p 

= 128Lqq/7rD 4 , be proportional with the viscosity and with the. 

flow rate. Dimensional considerations lead to the expression. 

= const rin/D 3 	 (12) 

The investigations of Sampson, 1891 [18], Roscoe, 1949 [19], and - 

Happel and Brenner, 1965 [20] gave this expression and the value 

12 for the constant. Worst, 1954 [21] estimated the constant to be 

slightly lower possibly due to the displacement of a numerical 

factor. The analyses are the solution approach for the differential 

equation of the stream function ;,1,, in oblate spheroidal coordi-

nates. The boundary conditions are zero tangential fluid velocity 

at the wall and volume flow equal to —27r times the stream func-

tion at the wall. The stream function at the axis of rotational 

symmetry is zero. The solution, in terms of stream surfaces, is 

presupposed to be confocal hyperboloids of one sheet. The veloci-

ty distribution at great distance from the hole is similar to the 

velocity distribution for a point sink in the plane wall. The veloc-

ities over the inlet area of the hole are circularly distributed, pro-

portional with 1 — Fz. The pressure along the axis of rotational 

symmetry is a monotonically decreasing function with inflection 

point at the origin of the coordinate system. The pressure along 

the boundary wall is a steady increasing function with infinite 

slope at the edge of the hole. The edge is a singularity. The as-

sumption of very small inertia terms compared with the viscous 

terms of the Navier-Stokes equations are thus not fulfilled in a 

certain small neighborhood of the edge, although the Reynolds 

number for the total flow is low. 

Experimental verification in some respects of the expression 

(121 are given by Bond, 1921 [22J, and 1922 [24 A verification 

can also he deduced from the experimental work reported by -Jo-

hansen, 1930 [24]. The measured values of the constant are near 

the analytic value 12. The determination by (24) of the value of 

the constant appears to he most nearly the analytic value al-

though the orifice was bevelled at 45 deg which gave divergent 

flow. Proportionality between pressure drop and volumetric flow 

rate was found in both workers reports when Reynolds number for 

the total flow situation was below about 3. 
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Discussion 
The inlet pressure drop. equation (12), the pressure drop from 

the Poiseuille flow in the capillary tube and the exit pressure 
drop amount to the total change of pressure measured in a capil-
lary tube viscometric experiment. The inlet and exit flow have 
identical stream surfaces. The pressure drops are therefore of the 
same size. Their sum, = 24qa/D 3,, is equivalent to the pres-
sure drop over a capillary tube of length 

L e  -= (24r/128)D = — 
31 67 	

O. 59D 

in Poiseuille flow, which can he seen by comparison of equation 
(12) with the expression for pressure drop of viscous flow in a 
tube. The expression (13) is the theoretical, total end correction 
to the length of a flat ended capillary tube viscometer in Newto-
nian flow. 

The velocity distribution and pressure drop for inlet-exit flow 
and conical diffusor flow follow the same general expressions in 
t he appropriate coordinate systems as those of Poiseuille flow in 
the cylindrical system, The heat generation will therefore have 
approximately the same effect on the flow curves from short 
length capillary tubes as the effect of an extension L, on the cap-
illary tube length. The flow curves from an actual, physical sys-
tem and from a cylindrical capillary tube will therefore appear 
nearly identical. 

The circularly distributed velocities at the inlet resulting from 
the flow from an semi-infinite reservoir do not fit the parabolic 
velocity profile of fully developed flow in a cylinder. The concept 
of an inlet length must therefore still be accounted for. The con-
ditions are less severe than the conditions of a uniform, flat, inlet 
velocity profile usually assumed in the literature for flow at low 
Reynolds number. The exit flow will presumably impress a simi-
lar velocity profile upstream of the exit. The actual average shear 
rate at the wall will be slightly greater than the shear rate calcu-
lated from fully developed flow. The shear stress imposed on a 
fluid with a known viscosity will therefore also be correspondingly 
greater and interpretation of measurements in terms of parabolic 
velocity profiles will be a lower bound for the shear stress and 
shear rate. 

The shear stress per unit pressure drop obtainable in a short 
cylindrical capillary can be evaluated as a function of the ratio of 
diameter and length of the capillary. The total pressure drop i.1,ot 

over the inlet, capillary and exit system is the sum of the individ-
ual pressure drop. Equations (12), (13) and the expression for 
pressure drop in the capillary tube, ...1p f 128LqvirD 4, give the 
ratio 

iVap, =- 1/(4(L/D) + (37/4)) 	(1 4) 

where r = Ap14(LID). The obtainable shear stress is in the range 
of 20-40 percent of the total applied pressure drop when ratios of 
diameter and length greater than one is used. The traditional 
concept of a capillary tube seems to vanish when the diameter 
approaches or exceeds the length. Neither the mechanisms nor 
the governing equations do, however, exclude such a parameter 
combination. Some experimental works report furthermore the 
use of short tubes in capillary viscometry, Bagley, 1957 [251 and 
Schnurmann, 1962 [121. The expression (14) indicates the possi-
bility to create experimental shear loads of the order of magni-
tude of 10 MPa on the fluid acting with pressure drop of only few 
times that over the measuring arrangement. 

Conclusions 
The highly viscous, steady laminar flow through a short cylin-

drical capillary tube has been investigated. Low Reynolds num-
ber conditions were assumed. A shear stress range with the upper 
limit approaching the average shear stress in a sliding elastohy-
drodynamic film was investigated, Fig. 4. The resulting flow 
curves, apparent viscosity as a- function of shear stress, are plot-
ted in logarithmic presentation. 

6 

The flow curves for Newtonian fluids will show constant viscos-
ity at sufficiently low shear stress. An apparently lower viscosity 
due to dissipation heating will he measured at high shear stress. 
The decrease in apparent viscosity increases rapidly with increas-
ing shear stress. 

It was found that the flow curves will have an identical config-
uration for Newtonian fluids, independent of the parameters of 
the problem, shear rate, viscosity level, etc. An identical flow 
curve configuration cannot be expected for non-Newtonian fluids. 

The location of the flow curves in the logarithmic presentation 
depends on viscosity level, the ratio of length and diameter of the 
capillary, the exponential temperature viscosity coefficient, the 
specific volumetric heat and to a minor degree on the coefficient 
of heat conduction of the fluid. 

The boundary condition of no heat conduction in the fluid or 
isothermal wall appears to he of only moderate significance for 
high shear stress capillary viscometry tinder conditions of low 
Reynolds numbers because convection is the primary mechanism 
in removal of the dissipated heat. 

Approximate temperature profiles in the capillary cavity show, 
for isothermal wall conditions, pronounced annular peaks near the 
wall, and low temperatures at the axis and at the wall. The peaks 
tend to move inwards as the axial location increases. The peaks re-
main, however, for short capillary tubes in the range 1.0 - 0.9 of 
dimensionless radius under actual operation. 

Inlet and exit corrections for pressure drop over the capillary 
tube have been deduced for Newtonian behavior of the fluid: 
Only the flow from a semi-infinite reservoir into a circular hole in 
a flat wall has been considered. The inlet and exit pressure drop 
thus determined have the functional appearance of a Poiseuille 
flow situation. The correction can be expressed as the length, 
equation (13), of an equivalent, cylindrical capillary tube with 
diameter D. The heating effects are of the same character as the 
heating effects of the flow in the capillary tube cavity and do 
therefore not influence the flow curves. 

Determination of end corrections enables an estimate to be 
made of an upper limit of shear stress attainable in high pressure 
capillary tube viscometry. The estimate shows a shear stress limit 
of the order of magnitude of 10 MPa. This is near the level of av-
erage shear stress experienced in a sliding elastohydrodynamic 
film. High pressure, high shear viscometry can therefore he useful 
in lubricant rheological investigations of interest for elastohydro-
dynamic lubrication. 
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High Shear Stress Behavior of Some 
Representative Lubricants 
Shear stress independent behavior was observed for representative, synthetic, nonblend-
ed lubricants to about 4.8 x 106  NIm 2  (700 psi) shear stress in high pressure viscometric 
measurements. This shear stress is of the same magnitude as the shear stress in sliding 
elastohydrodynamic contacts. It is shown that dissipation heating is the only mechanism 
of importance in the generation of the deviations from constant viscosity as measured 
with capillary tube viscometric methods. The Newtonian end corrections for the capil-
lary tubes were found to be constant for the nonblended, liquid lubricants. Newtonian 
behavior will be expected of the fluids in a high shear lubrication situation. Shear in-
duced, nonliquid behavior was found for the silicone lubricant at about 106 N1m 2  and for 
the polymer-blended mineral oil at about 104  N IM 2  at a relatively low pressure level. 
The observations might provide a key to an understanding of the generation of the 
anomalous low elastohydrodynamic film thickness as found with these lubricants. The 
polymer-blended oil showed shear thinning effects. The apparent viscosity was found to 
increase (-30 percent) with increasing shear stress in the range of the second Newtonian 
viscosity level. 
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Introduction 

This paper reports high pressure capillary tube viscometric 
measurements at shear stresses to 4.8 x 10 6  N/m2  (700 psi) and 
reports the general observation of constant viscosity of the inves-
tigated unblended lubricants in the range of measurements. The 
purpose of the work is to develop a capillary tube viscometric 
method to determine the viscous properties of lubricants under 
elastohydrodynamic operating conditions in a laboratory experi-
ment where the parameters of pressure, temperature and shear 
stress can be independently varied and to investigate the behav-
ior of representative lubricants. The use of a short length capil-
lary tube has been introduced in order to achieve high shear 
stress. The upper limit of shear stress attainable in capillary tube 
viscometry has been increased approximately 50 times over pre-
viously reported values of about 10 5  N/m 2 . The increased shear 
stress limit is only 3-5 times less than the average shear stress 
experienced by the fluid during passage of a sliding elastohydro-
dynamic contact. 

Capillary tube viscometers have been used in fluid rheological 
investigations [1-7] 1  in the past. Large capillary tube lengths 
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Joint Lubrication Conference, Montreal, Canada, October 8-10, 1974. 
Manuscript received by the Lubrication Division, July 8, 1974. Paper No. 
74-Lub-41. 
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were a general characteristic of these works. The attainable shear 
stress level was therefore relatively low. A new type high pressure, 
high shear stress capillary tube viscometer was developed and 
used to investigate pressure temperature shear stress relations for 
lubricants, Novak, 1968 [8], Novak and Winer, 1968 [9], 1969 [10] 
and Winer, 1972 [11]. Shorter capillary tube lengths were used. 
The range of the ratio of length and diameter reported was 280 to 
11.6. The maximum shear stress reported, In is 1.04 x 10 5 

 N/m2 , (15.1 psi). The measurements [8-10] of unblended base oils 
did not show significant deviations from a constant viscosity 
curve. 

Theoretical works of Bondi, 1946 [121 and Smith, 1968 [13] have 
predicted nonlinear, shear thinning, behavior of lubricants under 
high shear stress. Both works are essentially based on the molecu-
lar behavior of liquids. Bondi predicts a viscosity drop to about 
0.6 times the low shear viscosity at shear stresses of 10 6  N/m 2  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 analytical predictions are not confirmed experi: 
mentally in the shear stress, shear rate ranges attained in this 
work. 

The High Pressure Viscometer 
The measurements were carried out with a high pressure capil-

lary tube viscometer. The design and operation of the viscometer 
is described in detail by Novak [8] and Novak and Winer [9]. The 
viscosity is measured as the ratio , of pressure drop and volume 
flow rate at the capillary tube. Shear stress is derived from the 

I 

1 
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pressure drop and shear rate is determined from measurements of 
the volume flow rate. The viscometer consists essentially of two 
high pressure sections, cylinders with variable length, which are 
connected with piping to the ends of the small diameter capillary 
tube. A hydraulic pressure intensifier (50 times) can maintain 
constant pressure of the sample lubricant in the test section to a 
level of more than 7 x 108  N/m 2 . A thermostat bath controls the 
constancy of the temperature of the capillary tube and the pip-
ing. The viscometer is operated by concurrent, continuous and 
opposite volume changes of the high pressure sections which gen-
erates pressure drop and flow through the capillary tube. Pres-
sures are measured directly with strain gauge transducers. 

The viscometer has been modified so the volume flow rate is 
measured with a velocity transducer. The flow is measured pro-
portional with the speed of the moving end sections of the high 
pressure cylinders. An analog to digital converter and a multi-
channel magnetic tape recorder have been added to the equip-
ment. The transducer signals are amplified and recorded on the 
tape. The collected data are processed with the aid of a comput-
er. An infinitely variable, constant velocity drive has been incor-
porated to move the end sections of the high pressure cylinders 
during operation of the viscometer. The drive unit gives good re-
producibility and steady and constant operation during measure-
ments. Manual drive—hand pull—has been used at measure-
ments of the highest shear stresses and flow rates because the ca-
pacity of the drive was limited. Satisfactory reproducibility was 
obtained at these higher velocities. Two high precision bourdon 
pressure gauges, 275 MPa (40 kpsi) and 700 MPa (100 kpsi), have 
been added in order to improve accuracy of the calibration proce-
dure. The dimensions of the capillaries used are summarized in 
Table 1. 

Calibration of the Transducers 
The pressure drop over the capillary tube is obtained as the 

difference between the output of two high pressure transducers, of 
same type, which measure the total pressure at the end connec-
tions of the capillary tube. The input of a high gain amplifier for 
each transducer is balanced to zero output at each measurement 
before flow starts in the tube in order to bias the signal from the 
total pressure level and thereby to obtain sufficient resolution for 
the measurements of the pressure drop. The magnitude of the 
pressure drop is small compared with the total operational range, 
0-700 MPa, of the viscometer. A high degree of accuracy and re-
producibility is therefore required of the transducers in order to 
obtain satisfactory determination of the pressure drop. The trans-
ducers were calibrated with an approach involving summation of 
small increments of pressure in the test section and simultaneous 
recording of pressure level with precision bourdon gauges. The 
calibration procedure was found to be correct within less than one 
per cent of the full range. 

The calibration of the velocity transducer and amplifier was 
carried out as measurements of displacement and corresponding 
time duration. The velocity of the traversing high pressure section 
was maintained constant with the drive unit during the calibra-
tion. The amplifier output was sampled by the appropriate chan-
nel on the analog-to-digital recorder. A typical calibration speed 
was 25 gm/sec (0.001 in./sec). Time was measured between the 
consecutive openings of two microswitches. A bracket on the tra-
versing section activated the switches. These switches were con-
nected to the inputs of two dummy channels on the converter. 

Table 1 Capillary tube dimensions 
and materials 

Length 
L, mm 

Diameter 
D, mm L/D 

Capillary tube 4 
stainless steel 

76.1 0.2563 297 

Capillary tube 1 
stainless steel 

2.97 0.1994 14.9 

Capillary tube 0 
sapphire 

0.119 0.088 1 .35 

The opening times can, therefore, easily be assessed from a com 
puter printout. The travelled distance between activation of the 
switches was measured with a precision dial indicator and was 
typically 0.25-0.50 mm (0.01-0.02 in.). The accuracy of the indica-
tor is guaranteed to be better than 2.5 gm (100 gin.). This was 
confirmed in a series of measurements performed with parallel 
gauge blocks. The calibration procedure for the velocity transduc-
er and amplifier was estimated to be correct within less than one 
percent of the full range of calibration. 

Calibration of the Capillary Tubes 
Two calibration fluids were used, a viscosity standard, S-60 

from Cannon Instrument Company, and a Oiester/201 bis-2-ethyl 
hexyl sebacate. 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 measured shear stress and shear rate 
is constant. Capillary tube 4 was used as the standard capillary 
tube for high pressure measurements. Calibration of capillary 
tube 4 was carried out at atmospheric pressure with diester and 
checked with the S-60 fluid. The diameter of capillary tube 4 was 
found to be 0.2563 mm, (0.01009 in.). Later calibrations confirmed 
this measurement within 0.125 Aim (5 gin.). These statements 
about the diameter of capillary tube 4 assume the physical length 
of the capillary to be 76.1 mm ± .025 mm (2.996 in. ± .001 in.) as 
measured with a micrometre screw. Therefore, the diameter 
0.2563 mm contains corrections originating outside the capillary 
tube cavity only for Newtonian liquids. The relative accuracy of 
the calibration of the capillary tubes is believed to be much bet-
ter than the accuracy of the transducer calibrations. The total 
accuracy of a viscosity measurement is therefore determined pri-
marily by the transducer accuracy and will be of the order of one 
percent. 

Calibration measurements at high pressures for capillary tube 4 
with the diester are given in Table 2. The table also gives a com-
parison with data for a diester reported as sample Al in the 
ASME Pressure Viscosity Report of 1953 (14). Calibration tem-
perature was 0 deg C (32 deg F). This temperature was selected 
because the viscosity of the calibrating fluid for the applied pres-
sures is then about 1 Ns/m 2  (103  cP), well within the expected 
viscosity range in the elastohydrodynamic lubrication film. The 
selected calibration temperature is also appropriate for compari-
son with previous work, notably ASME, 1953 [141. Table 2 shows 
that the 1973 data deviate less than ±2 percent from the 1953 
data. This small magnitude of deviation can be interpreted as a 
verification of the estimated measurement accuracy, of one per-
cent. These data indicate that a search for further increase of 

 

Nomenclature 

     

      

A = lubricant material parameter 
D = diameter of the circular capillary 

tube 
= length of the capillary tube 

Q = 
T= 

,.113 = 

lubricant material parameter 
temperature (absolute) 
pressure drop over the .capillary 

tube 
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= dynamic viscosity (Ns/m2 ) 
= viscosity measured at low shear 
= viscosity, second Newtonian 
= shear stress at the wall of the capil-

lary tube 
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Table 2 Low shear pressure viscosity 
relations (diester) at °C(32F) 

Deviation 
of 1973 

Data 1973 data from 
Capillary ASME 1953 ASME 

tube 4 	Sample Al 1953 data 

MPa 	kpsi 	Ns/m 2 	Ns/m 2 	percent 
0 0 0 . 0575 0.0568 +1.2 

34.5 5 0.109 0.108 +0.9  
69.0 10 0.196 0.194 +1.0 

137 . 9 20 0.546 0.547 — 0.2 
206.8 30 1.400 1.420 — 1 . 4 
275.8 40 3.365 3.310 +1.7 

measuring accuracy will be of limited value. The accuracy seems 
to be satisfactory for general investigations of high pressure prop-
erties of lubricants as long as the lubricants are no more well de-
fined. The conclusions are not impaired by such an accuracy level 
of the measurements. 

Calibration of capillary tube 1 was carried out as a comparison 
of tow shear stress measurements with capillary tube 4 measure-
ments. The diester was used as calibration fluid. The pressure 
range was 70-275 MPa (10-40 kpsi). The calibration was carried 
out at 0 deg C (31.9 deg F ± 0.1 deg F). The diameter of capillary 
tube 1 was found to be 0.1994 mm (0.00785 in.) for a measured 
physical length of 2.97 mm (0.117 in.). This diameter statement 
includes corrections originating outside the capillary tube cavity 
for Newtonian fluids. 

The capillary with the ratio L/D = 1.35, capillary 0, is a sap-
phire ring embedded in stainless steel high pressure seals. Cali-
bration of capillary 0 was carried out as a comparison of low 
shear stress measurements with capillary tube 1 and capillary 
tube 4 measurements in the same manner as described above for 
capillary 1. The diameter of the sapphire capillary was deter-
mined with a high power microscope (200X and 500X) to be 0.088 
mm (0.0035 in.) with an estimated accuracy of 3 percent. The 
comparison with capillary tubes 1 and 4 measurements indicate 
the effective capillary length to be 0.119 mm, (0.0047 in.) which 
yields the ratio LID = 1.35. This calibration will give a correct 
shear stress determination according to the expression T = ApDI 
4L. 

No directional effects were found for the capillaries during the 
calibration measurements. Reversal of flow direction gave consis- 

tently identical results within the measurement accuracy. This 
observation is consistent with the symmetry of the equations and 
the boundary conditions for viscous, Stoke's, flow, [15]. 

Fluid Measurements 
Five lubricants have been investigated: the diester, a 50 cs di-

methyl silicone oil, a polyalkyl aromatic plus additive (DN 600 + 
additive), a synthetic, paraffinic oil (XRM 177 F4) and a mixture 
(B3,1) of paraffinic, mineral oil with 11.5 percent polyalkylmetha-
crylate with an average molecular weight of 2 x 10 5 . A detailed 
description of each fluid is found in [16]. 

The high shear measurements are reported as flow curves of 
measured, apparent viscosity plotted as a function of shear stress. 
The pressure level and the temperature were maintained constant 
during collection of data for a flow curve. The number of data 
points for each lubricant and parameter combination of pressure, 
temperature and dimensions of capillary tube was in most cases 
too great to give space on the diagrams for a proper graphical pre-
sentation of each point. The flow curves are therefore assessed 
mean values at each coordinate location and are presented as 
smooth, uninterrupted curves through the assembly of data 
points. 

Diester. The calibration lubricant, diester, was investigated 
at moderately high shear at the temperature level of 0 deg C, (32 
deg F). Fig. 1 shows the viscosity measurements. The figure illus-
trates the calibration comparison at low shear for the capillaries. 
The high shear measurements show an apparent shear thinning 
behavior of the diester for both capillary 0 and capillary 1. The 
fluid is presumably subject to dissipation heating in the capillary 
tube. A series of measurements with only one capillary tube can-
not easily discern shear thinning effects from dissipation heating. 
Comparison between measurements with different L/D ratios will 
allow a differentiation of these effects. The flow curves of Fig. 1 
show at each pressure level consistently lower viscosity values for 
capillary tube 1 in the overlap zone of shear stress ranges of the 
capillary tubes 1 and 0. This holds whatever shear stress or shear 
rate are used as a basis of comparison. The decreasing viscosity 
values of capillary 1 measurements are found where the fluid ex-
hibits Newtonian behavior as measured with capillary 0. The 
diester behaves, therefore, as a Newtonian liquid to at least 10 5 

 N/m2 , Fig. 1. Shear thinning effects cannot explain the high 
shear viscosity decrease measured with capillary tube 1. The con-
figuration and the location of the flow curves from capillary tube 
1 are consistent with the dissipation heating effects described in 

shear stress 	N/m 2  

/5,  

.002 

 

Fig. 1 Flow Curves for Diester, Calibration, T = 0 ° C Fig. 2 Low SXHEER Temperature Pressure Viscosity Relations for Diester 
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[15]. The deviation of the flow curves from constant viscosity can 
therefore be assumed to depend on dissipation heating effects 
alone. The theater thus has shear independent properties up to 2 
x 106  N/m2 , (about 300 psi) shear stress. 

The calibration lubricant was investigated also at higher shear 
loads. Greater viscosity levels were obtained by applying a low 
temperature of -12.2 deg C (10 deg F) and maintaining the pres-
sure levels at 70-140-210-275 MPa, (10-20-30-40 kpsi). The flow 
curves at -12.2 deg C were found to be congruent with the curves 
at 0 deg C. The fluid can therefore be assumed to have Newto-
nian properties to the maximum applied shear stress, 3 x 10 6 

 N/m2 , (435 psi). 
Measurements with the standard high pressure capillary tube 4 

were not performed at -12.2 deg C because the limiting low shear 
viscosities obtained with both capillary 0 and capillary 1 showed 
consistency with previously obtained low shear data for diester 
when interpreted through mapping as straight line temperature 
viscosity characteristics on rectifying diagrams, of the type of 
ASTM D 341-43. The calibration performed at 0 deg C, (32 deg 
F), is thus confirmed and the criteria of constant end correction 
for Newtonian liquids, proposed in [15], is satisfied. 

Fig. 2 shows a summary of the low shear measurements of the 
diester over the temperature range covered. The rectifying di-
agrammatic presentation of Fig. 2 is essentially that of the ASTM 
Standard Temperature Viscosity Charts (D 341-43). The gener-
ating formula for the charts can be written as InIn (e + co) = InA 
- Q1nT, where v is the kinematic viscosity, centiStoke, at the ab-
solute temperature T and co, A and Q are constants. The useful-
ness of these rectifying charts is based on the observation that 
mineral oils plot as straight lines, presumably, however, only at 
atmospheric pressure. Hersey [17] states that fair results can be 
obtained by plotting the values of dynamic viscosity directly 
using the scale of kinematic viscosity. Fig. 2 is generated with 
such a simplified plotting method. The error that arises from the 
simplified method is not significant for use in elastohydrodynamic 
investigations. The density varies at most from about 900 kg/ma to 
1100 kg/ma, (0.9 g/cm 3  to 1.1 g/cm 3 ), (14) in the pressure and 
temperature ranges of interest. This is a change in density of +10 
percent, but the relative error, deviations from straight line char-
acteristic, is smaller. The constant c o  (0.6 cS) can be discarded 
for the use at elastohydrodynamic viscosity levels >1 Ns/m 2 . The 
generating formula can therefore be regarded as having the form: 
lnlnr = InA - Qin T which conveniently is a formula with two 
constants. The constant A stands for some defined base viscosity. 
The constant Q expresses the change of viscosity with tempera-
ture such that a large Q value represents great changes in viscosi-
ty for a given temperature change. 

Fig. 2 shows that the diester has straight line characteristics in 
the rectifying diagram for viscosities above 0.1 Ns/m 2  (100 cP). It 
is also seen that the characteristics are straight for the ranges 
0-275 MPa, (0-40 kpsi), and -12.2 deg C to 37.8 deg C, (10 deg F 
to 100 deg F), as well as for atmospheric pressure and -12.2 deg 
C to 148.9 deg C, (10 deg F to 300 deg F). There is a minor curva-
ture at all reported pressure levels above atmospheric pressure 
and above 37.8 deg C, (100 deg F), when the viscosity is less than 
0.1 Ns/m 2 , (100 cP). 

Dimethyl Siloxane (DC-200-50). One outstanding property 
of silicone oil is the relatively small decrease of viscosity with in-
creasing temperature. The Q-exponent is in the range of 2-4 times 
less than the exponent for diester. The flow curves for siloxane 
will therefore be expected to show considerably less deviation 
from the constant viscosity characteristic than the diester flow 
curve at the same shear stress. This expectation was confirmed 
by the measurements. 

High shear stress measurements of the siloxane fluid were car-
ried out at 23.9 deg C, (75 deg F). The results are shown in Fig. 3. 
The flow curves for capillary tube 1 measurements deviate down-
ward from the constant level curves of capillary 0 in the shear 
range covered by both capillaries. This shows that shear thinning, 
if it exists, are not present for dimethyl siloxane at stresses to at 

4  

shear stress 	Nlitn 2  

Fig. 3 High Shear Measurements of Dimethyl Siloxane DC-200-50, T = 
4C 27C. Measurements with Partially Blocked Capillary Tube are In-
cluded. 

least 4 x 105  N/m2, (-'57 psi). This is particularly well illus-
trated by the flow curves at 210 MPa, (30 kpsi), where the over-
lap zone is more than a decade wide, 10 4-105  N/m2 . The flow 
curves for both capillaries are of congruent form. This shows that 
dissipation heating is the cause of the devitions from constant 
viscosity, as was the case for the diester, and suggests further 
that the range where shear thinning effects are absent extends to 
the highest stress reported in Fig. 3, which is 4 x 10 6  N/m2 , 
( -570 psi). End corrections are constant. 

Partial blockage of the capillary 0 occurred occasionally during 
the high shear experiments: The resulting data points showed ap-
parent viscosities significantly higher than would be expected for 
liquid behavior, Fig. 3. The plotted results are grouped in the flow 
curve diagrams in an apparently meaningless pattern. The higher 
values of the viscosities and the scattered grouping of the data 
points possibly indicate partial solidification of the lubricant. 
Nonliquid behavior was observed above approximately 2 x 10 6 

 N/m2 , (-'285 psi), at 275 MPa, (40 kpsi), and above 10 6  N/rn 2  at 
345 MPa, (50 kpsi). Complete blockage was observed at 415 MPa, 

213 MPa 
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Fig. 4 Flow Curves for Polyalkyl Aromatic + Additive 
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Fig. 5 High Shear Measurements of XRM 177 F4, 38C 

Table 3 Viscosities at atmospheric pressure 
paraffinic mineral oil with 11.5 percent 
polyalkylmethacrylate MW ---- 2 x 10' 

Capillary no. 400 

722 
Capillary tubes 4 
and 1.10 3  — 10' 

6 N/m 2  N/m 2  

23.89°C (75°F) 1 .000 Ns/m 2  
37.78°C (100°F) 1 .010 Ns/m 2  0.420 Ns/m 2  
65.56°C (150°F) 0.384 Ns/m 2  0.155 Ns/m 2  
87.78°C (190°F) 0.221 Ns/m 2  0.100 Ns/m 2  

(60 kpsi). The effect appears to be shear induced. The capillary 
was inspected in a microscope after such experiments. No dam-
age was ever found. The capillary maintained its calibration. 

Polyalkyl Aromatic + Additive (DN 600 + Additive). High 
shear measurements of the synthetic lubricant DN 600 plus an 
antiwear additive are found in Fig. 4. The flow curves show con-
stant apparent viscosity up to at least 3 x 10 6  N/m 2  (•44 psi). 
The congruent form of the flow curves suggests that Newtonian 
behavior persists up to the maximum employed stress of 4.2 x 
106  N/m 2 , (-610 psi). The limiting low shear viscosity measure-
ments with both capillary 0 and 1 show consistency with viscosi-
ties extrapolated from low shear data obtained with the standard 
high pressure capillary tube 4. The end corrections for capillaries 
0 and 1 are thus constant for this fluid. 

Nonliquid behavior was possibly encountered at 210 MPa, (30 
kpsi), and certainly at 275 MPa, (40 kpsi). Previous measure-
ments of DN 600 + Additive were carried out up to 165 Ns/m 2 . 
Conditions were 700 MPa, (100 kpsi), and 37.8 deg C, (100 deg F). 
Non-liquid behavior was not experienced, presumably due to the 
higher temperature. The scatter at 210 MPa, (30 kpsi), and 275 
MPa. (40 kpsi), may be explained as a partial solidification 
caused by low temperature and high pressure but not necessarily 
due to high shear stress. 

Synthetic Paraffinic Oil XRM 177 F4. The fluid XRM 177 
F4 is a synthetic hydrocarbon lubricant with a base viscosity ap-
proximately ten times the base viscosities of the investigated di-
methyl siloxane and the polyalkyl aromatic + additive. The 
XRM 177 F4 fluid is also blended with an anti-wear additive. 
Low shear pressure temperature viscosity characteristics were 
found to be nearly straight lines in the rectifying diagrams of 
Roelands, 1966, [18]. Low shear measurements of the XRM fluids 
did not show significant influence from the antiwear additive, 
[16]. High shear measurements were carried out for the XRM 177 
F4 only. Fig. 5 shows the high shear measurements. The flow 
curves are of identical configuration for this fluid also. The limit-
ing low shear measurements are consistent with the Newtonian 
end corrections for the capillaries 0 and 1. The highest shear 
stress measured was 4.78 x 10 6  N/m2 , (695 psi). Some of the flow 
curves for a capillary cover more than two decades of shear stress. 
The parts of the curves with constant viscosity are particularly 
far extended into the low shear region and show the good agree-
ment with measured low shear data. The overlap zone is more 
than a decade wide. The heating effects of the curves of capillary 
tube I is distinctly seen. 

The characteristic for the lubricant in an elastohydrodynamic 
contact is also shown in the figure. The vertical line is the esti-
mated working conditions for the lubricant at a load of 66.7 N, 
(15 lbf), at 1.39 m/s, (54.8 in./s), sliding speed in a steel ball and 
sapphire disk contact. The figure shows clearly that capillary 
tube viscometry is not far from the situation where elastohydro-
dynamic conditions for a lubricant can be created in a laboratory 
experiment in which the parameters of interest can be varied in-
dependently of each other. 

B3J: Paraffinic Mineral Oil with 11.5 Percent Polyalkyl-
methacrylate. Polymer blended lubricants have long been used 
extensively in various engineering fields particularly in the auto-
motive industry. High shear stress investigations of a polymer 
blended lubricant are therefore of interest. It was decided to se-
lect a high molecular weight polymer in a relatively high concen-
tration with a straight paraffinic mineral base oil for such an in-
vestigation. The base oil as well as blends with a lower molecular 
weight polymer (MW — .56 x 106 ) have been investigated before 
(8-10), however, only to about 10 5  N/m 2 . The base oil was found 
to have completely Newtonian characteristics in the range inves-
tigated. The blends showed liquid response and some shear thin-
ning effects. 

The same base oil (R-620-12) was selected in this investigation. 
A polymer with considerably greater molecular weight (MW — 2 
x 106 ) than used before, was used in order to produce extreme 
properties of the blend. The polymer was blended in a high con-
centration of 11.5 percent with the mineral base oil. High shear 
measurements with the throughly mixed blend were carried out 
with all three capillaries at 37.8 deg C and 35, 70 and 140 MPa, 
(100 deg F and 5, 10 and 20 kpsi). Meaningful measurements 
could not be carried out at higher pressures than 140 MPa, (20 
kpsi). Fig. 6 shows the measurements, 35-140 MPa, (5-20 kpsi). It 
is seen from the figure that nonliquid response sets in for a rela-
tively low magnitude of shear stress of about 3 x 10 4  N/m2  (-4 
psi) and continues to the highest stress —3.5 x 10 6  N/m2 . A pro-
nounced directional effect is found for capillary tube 1 measure-
ments at 140 MPa. End corrections are not constant which fur-
ther underlines the Non-Newtonian properties of the lubricant. 
Apparent viscosities differ by a factor 2-3 for capillary 0 measure-
ments at 70 MPa for the same shear stress or the same shear rate. 
(The 70 MPa series from 2 x 10 5  N/m2  to 106  N/m 2  was pro-
duced with the constant velocity drive unit. The 70 MPa data 
from 7 X 106  N/m2  to 3 x 106  N/m2  were produced manually.) A 
pronounced viscosity increase (-30 percent) occurs for increasing 
shear stresses before apparent nonliquid response sets in. Such 
viscosity increase as well as the non-liquid behavior were not ob-
served in previous measurements [8-10] in the same shear stress 
range. The concentration of polymer and the molecular weight 
were, however, significantly lower. 

The fluid, B3J, shows the expected shear thinning behavior 
when the material is in liquid state. The data from capillary tube 
4 measurements may be regarded as second Newtonian viscosi-
ties. Table 3 gives atmospheric viscosities ))2 extrapolated from 
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capillary tube 4 and 1 data of the second Newtonian range, 10 3
-109  N/m 2 . Table 3 gives also atmospheric viscosities n i  measured 

with a glass capillary tube viscometer at estimated shear stress of 
6 N/m2 . The ratio ni/n2 is found to be approximately 2.5. The 
second Newtonian viscosity n2 never approaches the viscosity, nb, 
of the base oil. The ratio ?Wilt, is of the order of 10. It is signifi-
cant that non-liquid behavior appears at stresses which are 10 3 

 times smaller than the average shear stress in a moderately load-
ed elastohydrodynamic point or line contact. The shear stresses 
where transition to nonliquid behavior appears for the lubricant 
B3J are found far out in the inlet zone of an elastohydrodynamic 
contact. The pressures are low and the temperatures are very 
nearly equal to ambient temperature at this location. The experi-
mental situation reported in Fig. 6 can thus be regarded as repre-
sentative of the initial conditions of the inlet zone. The low shear 
transition to nonliquid behavior at great film thickness far out in 
the inlet zone can be expected to influence the creation of suffi-
cient centerline film thickness significantly. 

Summary and Discussion 
Newtonian Behavior. The reported flow curves of the four 

unblended lubricants have been shown to be congruent with one 
general standard flow curve regardless of the fluid type and the 
dimensions of the capillaries 1 or 0, in all cases where liquid be-
havior was displayed. Deviations from the master curve are of the 
same magnitude as the experimental error. This observation of 
generality indicates that dissipation heating is responsible for the 
character of the flow curves thus eliminating the possibility of 
shear thinning properties of the lubricants in the range of investi-
gated parameters. The standard flow curve configuration, deter-
mined experimentally, has been found to be congruent also with 
the general form of flow curves determined [15] in a simplified an-
alytic approach which assumed Newtonian properties of the lu-
bricant and flow curve configuration formed by heating alone. 
The congruity between experimentally and analytically deter-
mined flow curve shapes supports the presumption of Newtonian 
behavior of the lubricants. The established agreement of the 
Newtonian end correction for the three lubricants with the cali-
brated low shear end correction for the diester supports further 
the presumption that all four lubricants have Newtonian high 
shear characteristics in the range of investigation [15]. 

The flow curves are plotted with viscosity as a function of shear 
stress in a logarithmic presentation. Presentation of apparent 
viscosities plotted as a function of shear rate, as found often in 
the literature, was not used because this can make the distinction  

between heating effects and non-Newtonian effects difficult and 
may lead to incorrect evaluation of measurements of fluid proper-
ties. 

Shear Induced Nonliquid Behavior. Silicone oils and polymer 
blended oils do not readily generate elastohydrodynamic film 
thicknesses as large as predicted by existing theory. The shear in-
duced nonliquid behavior of these lubricants, at conditions which 
are found relatively far out in the inlet region, may possibly ex-
plain the difference. 

Shear Thinning of the Polymer Blended Mineral Oil. The fluid 
consisting of a blend of polymer and mineral oil shows pro-
nounced non-Newtonian behavior. A shear thinning effect reduces 
the viscosity approximately 2.5 times when the shear stress in-
creases from about 6 N/m 2  to 103  N/m 2 . The two viscosity levels 
can be characterized as the first and the second Newtonian vis-
cosity levels respectively. The reduction in viscosity is nearly con-
stant in the investigated temperature range 23.9 deg C-87.8 deg 
C, (75 deg F-190 deg F). 

Observations of Time Independent Lubricant Behavior. 
The average residence time for the fluid in a capillary tube was 
in a typical series of measurements in the range from about 4 
gsec to about 106  gsec. The relaxation time for a lubricant with a 
viscosity of 1 Ns/m 2  is of the order of 3 X 10 -  3  MSeC to 3 X 10 -2 

 gsec, respectively, [19]. The relaxation time at this viscosity level 
is thus 102  to 103  times smaller than the lowest residence time. 
Time dependent phenomena in the fluid behavior cannot, there-
fore, be expected to appear with any significance. The consistency 
of the measured flow curves with one common flow curve configu-
ration irrespective of viscosity level, fluid type or capillary tubes 
confirms this. 

Conclusions 
The unblended hydrocarbon lubricants display Newtonian be-

havior up to a shear stress of about 4.8 x 10 6  N/m2 , (700 psi). 
This load is only a factor of 3-5 below the average shear stress 
which is experienced by the lubricant during passage of the high 
pressure zone of an elastohydrodynamic contact. High shear 
stress capillary tube viscometry is thus not far from the elastohy-
drodynamic conditions. 

Dimethyl siloxane shows shear induced nonliquid behavior at 
relatively high shear stress levels. The lubricant shows Newtonian 
properties when liquid behavior is displayed. 

The polymer blended lubricant shows distinct non-Newtonian 
properties at low shear, below a stress of 10 4  N/m2, and shear in-
duced nonliquid behavior at loads above this limit. 

The nonliquid behavior of the lubricants is possibly of impor-
tance for the ability to create a sufficient centerline film thick-
ness in elastohydrodynamic contacts. 

No significant time dependent effects, for times >4 gsec, were 
observed in the high shear measurements when the lubricants 
under investigation showed liquid behavior. 
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The Viscous Lubrication of Rolling and 
Sliding Rigid Cylinders 

The general viscous lubrication of rolling and sliding rigid cylinders is examined. The 
flow is assumed isothermal and the fluid rheology is assumed completely defined by its 
compressibility as a function of pressure and by its viscosity as a function of pressure 
and shear stress. A general problem formulation and a general solution technique are de-
veloped. The solution technique is based on the iterative solution of a discrete represen-
tation of the problem formulation. These results are specialized for a viscosity function 
of the form 

= 	+ a2 (1?"02 ) 	+ ( 17)2 ) -1  

Typical solutions are obtained and discussed. A dimensionless survey of design parame-
ters is presented for the above viscosity function with (a) = 0.0. The use of such nonlin-
ear general viscous fluids results in a significant loss of load capacity. 

Stephen F. Carlson 
Graduate Student . 

Ward 0. Winer 
Professor. 

Georgia Instlute of Technology, 

School of Mechanical Engineering 

Atlanta, Ga. 

Introduction 

The viscous lubrication of rolling and sliding rigid cylinders is a 
well-known and classical application of fluid mechanics to ma-
chine design. The basic theory of viscous lubrication was devel-
oped by Reynolds 111 1  and Sommerfeld [2] in the late nineteenth 
century. The first solutions for rolling and sliding cylinders were 
obtained almost simultaneously in 1916 by Guembel [3] and Mar-
tin [4] for different boundary conditions. The cavitation condition 
used by Martin has since become standard. A thorough review of 
the problem was made by Peppler [5] in 1938 and his careful ex-
perimental investigations were in good agreement with the theory 
of linear viscous fluids. The pressure dependence of the viscosity 
function was treated by Gatcombe [6] in 1945, and in different 
forms by Cameron [7] and by McEwen [8]. A second review of the 
problem was made by Peppler [9] in 1957 and various effects such 
as the viscosity-temperature dependence, the viscosity-shear 
stress dependence and the viscosity-time dependence were pro-
posed for consideration. 

The general viscous lubrication of rolling and sliding rigid cyl-
inders has subsequently, been treated in a piecemeal fashion. 
Only special cases, namely pure rolling, and special viscosity 
functions have been considered, and both the problem formula- 

1  Numbers in brackets designate References at end of paper. 
Contributed by the Lubrication Division of THE AMERICAN SOCIETY 

OF MECHANICAL ENGINEERS for presentation at the ASME-ASLE 
Joint Lubrication Conference, Montreal, Canada, October 8-10, 1974. 
Manuscript received by Lubrication Division, July 18, 1974. Paper No. 74- 
Lub-15. 

Copies will be available until June, 1975.  

tion and solution technique have proceded in an ad hoc manner. 
This is true of the work of Milne [10], of Tanner [11], of Bell [12] 
and of Dyson [13]. This is also true of the more recent work of 
Brazinsky [14] and of Reher [15]. The special treatment is occa-
sionally justified, but it is not compelling. It is possible to unify 
and extend and improve these results. As is shown in the forth-
coming, it is possible to develop a uniform problem formulation 
for general viscous fluids. A uniform solution technique is also de-
veloped which is applicable over a wide range of parameters. This 
problem formulation and solution technique are applied to sever-
al special viscosity functions of interest. Numerical results are 
obtained and discussed. 

Fluid Rheology 
The fluid rheology is determined by a scalar relationship 

among the thermodynamic variables and by a tensor relationship 
between the kinematic and dynamic variables. For the flow situa-
tion existing in the general viscous lubrication of rolling and slid-
ing rigid cylinders, these relationships are considerably simpli-
fied. The system operation minimizes the normal stress terms of 
the dynamic equations much as it minimizes the inertial terms 
[12, 16]. Hence, these terms need not be specified in a first order 
analysis. The flow is also isothermal to a good approximation, if 
the slip is not excessive. Thus, the fluid rheology can be repre-
sented by a nonlinear compressibility function of pressure alone 
relating the pressure and density and by a nonlinear scalar vis-
cosity function of pressure and the xy component of deformation 
rate alone relating the xy components of deformation rate and 
stress. This viscosity function is most conveniently considered as 
a function of the xy component of the stress. Fluids whose rheolo-
gy is so defined for this flow situation will be referred to as gener-
al viscous fluids. 

Discussion on this naner will he areentpri it A CNA F _ 	 1 I-V-7 A 



Let (p) be the fluid density and let (A) be the fluid viscosity. 
Let (p) be the local pressure and let (r) be the local xy stress 
component. Then the density and viscosity functions of the fluid 
are expressible in the form 

	

P = P0( 1  + F5) -1 	 (1 ) 

IL = 11 0e 3P (1  + 	 (2) 

where (pa) and (po) are the base density and base viscosity, re-
spectively, (0) is the In-viscosity-pressure coefficient, and (4) and 
(4) are the density and viscosity deviation functions. It is as-
sumed that (P) is a function of (p) only and that (4) is a function 
of (r) only. Adherence of the fluid to the boundaries is also as-
sumed. This specification is quite general and includes all the 
previous specifications of fluid rheology applied to the viscous lu-
brication of rolling and sliding cylinders. 

The forms of (4) and (4) are not obtainable a priori and must 
be experimentally determined. Typical observations are of the 
form shown in Fig. (1) and (2). These curves are well-fitted by 
assigning the following forms to (p) and (a) 

	

= ep (1 + tp) 
	

(3) 

a  = 	 a2  kr myt 	(4) 

and adjusting the parameters (e), (f), (a), (k) and (m). These pa- 
rameters are all readily interpretable. (e) and (f) are reciprocal 
characteristic pressures. (e) is a measure of the initial slope of (4) 

Flg. 1 Dimensionless density as a function of dimensionless pressure 

while (elf) is a measure of the ultimate change in (4). (k) is a re-
ciprocal characteristic shear stress and is a measure of the initia-
tion of change in (4). (a) is a dimensionless constant and is a 
measure of the ultimate change in (4). The exponent (rn) is a 
measure of the maximum rate of change of (4) and can be conve-
niently given the value 2. This choice is in accordance with a 

Nomenclatur 

a = shear thinning coefficient [— 
e = first reciprocal characteristic 

pressure [m 2 /N] 
f = second reciprocal character-

istic pressure [m 2/N] - 
G1 = dimensionless operations pa-

rameter [—] 
G 1* = maximum dimensionless op-

erations parameter [—] 
G2 = dimensionless slip parameter 

I - 1 
Ga = first dimensionless fluid pa-

rameter [— ] 
G4 = second dimensionless fluid 

parameter [—]  
h = local surface separation [m] 

HT = dimensionless expansion pa-
rameter [— 

v. first integral [N/m 2 ] 
/2 = second integral [N/m 2 ] 
k = reciprocal 	characteristic 

shear stress [m 2 /N] 
= shear thinning exponent [—] 

rs = number of grid points [— ] 
p = local pressure [N/m 2 ] 
Q = mass flow rate per unit 

length [kg/msec] 
QT = dimensionless flow rate pa-

rameter [—] 
R = equivalent radius [m] 
s = local shear stress on the lower 

surface [N/m 2 ] 
so  = function determining (s) for 

a linear viscous fluid 
[N/m2 ] 

= nonlinear function correcting 
(so) for a general viscous 
fluid [N/ m 2 ] 

S = function determining (s) for 
a general viscous fluid 
[N/m2 ] 

t = local product of (h) and de-
rivative of (p) with respect 
to (x)[N1m 2 ] 

to  = function determining (t) for a 
linear viscous fluid [N/m 2 ] 

= nonlinear function correcting 
(to) for general viscous 
fluid [N/m2 ] 

T = function determining (t) for a 
general viscous fluid 
[N/m2 ] 

TR = traction on the lower surface 
per unit length [N/m] 

TRC = traction coefficient [—] 
TRT = dimensionless traction pa-

rameter [—] 
u = local x component of velocity 

[m/s] 
u1  = translational velocity of lower 

surface [m/s] 
uz = translational velocity of 

upper surface [m/s] 
U = rolling velocity [m/s] 
v = local y component of velocity 

[m/s} 
W = load capacity per unit length 

[N/m] 
WT = dimensionless load capacity 

parameter [ —] 
x = horizontal coordinate [m] 
Y = vertical coordinate [m] 
ce = relative slip [ — ] 
(3 = In-viscosity-pressure coeffi-

cient [N/m 2 ] 
= local xy component of de- 

formation rate [1/s] 

= dummy variable of integra-
tion [—] 

viscosity function [N-s/m 2 ] 

	

PO 
	base viscosity [N•s/m 2 ] 

	

p 
	viscosity deviation function 

I - 1 
= density function [kg/m 3 ] 

	

Po 
	base density [kg/m 3 ] 

= viscosity deviation function 
I - 1 

T = local xy component of stress 
[N/m 2 ] 

)a = refers to quantities evaluated 
at the point of inlet of the 
fluid (for x < x s , s = 0 and 
p = 0) 

( )1, = refers to quantities evaluated 
at the point of cavitation of 
the fluid (for x xs , p = 0) 

)c = refers to quantities evaluated 
at the point of exit of the 
fluid (for x > x c , s = 0) 

( )o = refers to quantities evaluated 
at the point of origin 

( )5 = refers to quantities evaluated 
at the point of splitting 

( )1e ( )Je indices running from point of 
splitting to point of cavita-
tion 

( )I i ( 

	

indices running from point of 
inlet to point of splitting 

(a) (a2) = 0.0, (k) = 0.0 m2  IN 
(b) (a2) = 0 0, (k) = 0.1 m2/N 
(c) (a2 ) = 0.5, (k) = 0.1 m 2 /N 

1 (U) = 2.54 m/s, (a) = 0.0 
2 (U) = 2.54 m/s, (a) = 0.1 
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Fig. 2 Log dimensionless viscosity (—log (1 + An)) as a function of 
log o  dimensionless shear stress (log (kr)) 

priori considerations which require the exponent to be an even 
power. It is also in agreement with a posteriori correlations [17]. 
This specification results in some consequent mathematical sim-
plification. However, these manipulations can be modified to con-
sider other values of (m) if necessary. 

The density deviation function is not of particular interest in 
this investigation since the pressure does not reach the relatively 
high levels at which the density deviation function becomes sig-
nificant. The shear stress will, however, reach relatively high lev-
els and several subclasses of fluids can he distinguished by their 
viscosity behavior at relatively high shear stress levels (i.e., Ikr1 
> 1 in Fig 3). 

(a) If (a) = 1.0 or if (k) = 0.0 m2 /N, the viscosity function has 
the form 

ne`34) 
	

(5) 

and the fluid is linear. Such fluids are known as Newtonian 
fluids. Many fluids of simple molecular structures such as paraf-
finics are found in this class. 

( b) If (a) = 0.0, but k 	0.0 m2/N, the viscosity function has 
the form 

= i-L o e"(1 + (kr)2)'1 	 (6) 

and the fluid is nonlinear with zero ultimate viscosity. Many 
fluids of complex molecular structure, such as bulk polymers, are 
found in this class. 

(c) If (a) 0.0, (a) 1.0 and (k) 0 m2 /N, the viscosity 
function has the form 

p = p. ocaP(1 + a2 (kT) 2 )(1 + (k+)2 ) -1 	(7) 

and the fluid is nonlinear with a nonzero ultimate viscosity. Such 
fluids are known as Reiner-Philippoff fluids. Many fluids of inter-
mediate or mixed molecular structure, such as bulk polymer solu-
tions are in this class. 

Problem Formulation 
The problem formulation is similar to that based on the rheolo-

gy of linear viscous fluids. Emphasis is placed on the special as-
sumptions necessary for the class of general viscous fluids defined 
in the foregoing. Again it should be pointed out that this term is 
relative to the flow situation and that the general viscous fluid 
may have a much more complex specification in other flow situa-
tions. The assumptions common to the linear viscous lubrication 
of rolling and sliding rigid cylinders [5, 9] such as steady, laminar 
and isothermal flow, neglect of inertial terms, and film geometry 
will not be discussed. 

The system geometry and kinematics are shown in Fig. (3). Let 
(x,y) be a conventionally oriented system of Cartesian coordi-
nates. Let (R) be the equivalent radius of the cylinders and (h)  

be the local surface separation. Let (ho) be the centerline separa- 
tion. Then the local separation is given by 

	

1 	.• 
It 	h 	v- 	 (8) 

	

2 	' 

Let (xo) be the inlet coordinate and (x 5) be the caviation coordi-
nate of the film. Let (u) and (v) be the local velocity components 
of the film and (-0 be the local xy component of the deformation 
rate. Let (ui) and (02) be the velocities of the lower and upper 
surfaces, respectively. 

Under the usual assumptions common to the problem formula-
tion of the linear viscous lubrication of rolling and sliding rigid 
cylinder, the kinematic, and dynamic equations reduce to 

= 	 (9) 
T = 	 (10) 

a (pu)/ax + a(pc)/ay = 0 	 (11) 

	

0 = - ap/ax 	a r/ay 	 (12) 

0 = — Op/ay (13) 

Let (s) be the value of (r) on the lower surface and (s + t) be the 
value of (r) on the upper surface. Using the erit condition 

dp _ 0  
dx 

these equations may be integrated to give 

Q = f (pu)dx = U po hb  

dp 
y—

dx 	
11314/al) 

where (Q) is the mass flow rate per unit length and (U) is the 
rolling velocity of the system and (h b ) is the film thickness at the 
cavitation coordinate. Let (a) be the relative slip. Then 

U = —2 (tc 1 + u2 ) 

1 , 
a = —

3 
ut  + 02)(01  + 02 )-i  

Substitution of the general density and viscosity functions 
given by equations (1) and (2), and subsequent integration and 
manipulation yields the following set of equations 

S(s, p, t, x b ) = s — so  — g(s, t) •--= 0 	(19) 

7($,P, t, xb ) = t — to  — t(s, t) = 0 	(20) 

t 	n -- • 
,dp 

dx 
	 (21) 

Fig. 3 System geometry and kinema ics; (a) origlial geometry and ki-
nematics, (b) equivalent geometry and kinematics 

(17) 

(18) 
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subject to the boundary conditions 

where 

p, — 0 

1)5 (;) = 0 

(22) 

(23) 

= 131.71.1. 0e 31'(— 	(1 	— 	a)h + 	(1 	+ ii')1t5 )h -2  (24) 

t o 	= 	1.21.11L o e"(h — -4- 	Mh5 )it." 2  (25) 

. 	= — 411(s, t) — 611(s, t) (26) 

1(5, 1) 	= 611(s, t) + 121.2(s, 1) (27) 

1t (s, 1) = 1-1  ri  01(04 (28) 

s., 
12(5, 1) = t -2  r 	- oo(E) ,4 (29) 

These are familiar equations in the case of a linear viscous fluid 
when (ii) = 0.0. The equations (19) and (24) yield the shear stress 
on the lower surface and the equations (20), (21) and (25) togeth-
er with equations (22) 'Ind (23) yield the pressure on the lower 
surface and the exit coordinate. For 'he general viscous fluid 
these equations represent a coupled system of equations for these 
distributions and the exit coordinate. However, in the case of 
pure rolling when (a) = 0.0 

(27) 

and equations (19) and (20) are uncoupied and identical and / I  is 
identically zero. This is a considerable simplification and has 
been recognizen by previous investigators i10.11, 12, 131. 

if the special viscosity deviation function given by equation (4) 
is substituted in equations (28) and (29) the integrals can be ex-
pressed as a combination of elementary functions The forms of 
/ ) and (to) for cases 1 a ), ( b) and (c) are given in. Appendix 1. 

solution Technique 
The above system of equations (19), (2(1) and (21) together with 

equations 122) and (22) define J nonlinear first order differential 
equation for (p) as a Function of (x) with an auxiliary condition 
for (x51. An approximate solution of this system can be obtained 
as the soiution of a related system of finite difference equations. 
These are nonlinear algebraic or transcendental equations and 
may he graved, in principle, by a variety of wed-known iterative 
methods. The approximate solution approaches the true solution 
as the grid becomes increasingly dense 

The finite difference equations are obtained by constructing a 

-2 10-4 	 () (x 	rn 

Fig. 5 Distribution of shear stress on the lower surface for 0.1 relative 
slip 

variable grid of (n) points along the x axis from (x a ) to (x5) and 
replacing the derivative of (p) with respect to (x) at (x() by the 
slope of a parabola running through (xi) and the neighboring grid 
points. This results in a system of (2n + 1) nonlinear equations 
for the (2n + 1) unknowns (5 1), (p i) and (x5). A direct application 
of Newton-Raphson method to these equations is ineffective and 
a modified iteration method is shown schematically in Appendix 
2. The inlet and outlet regions are separated at (x id and solved 
separately. The variables (p i ) and (x5) are treated separately 
from is i ) and equations (20) and (23) are solved for (p i) and (x 5) 
and equation (19) is then solved for (S i). These modifications re-
duce computational time and do not affect the accuraci ,  of the 
c,hition of the system of finite difference equations 

!'t arting solutions (sr, pi , xb) can often he obtained from the 
corresponding solution for the linear viscous fluid (i.e., with (k) = 
0.(1 in2 /N). If this starting solution does not produce a convergent 
solution for the current value of (k), a sequence of solutions can 
he generated beginning with (k ) = 0.0 m 2 /N and arriving at the 
current value of (k) by using the previous convergent solution of 
the sequence as a starting solution for the next value of (il) in the 
sequence. 

iiesuits 
Two objectives are pursued in this investigation. 'The first is to 

• 
O 

• 

z 

0 

  

-2 -10 -4 	 .0 	m ) 

FIg. 4 Distribution of shear stress on the lower surface for 0.0 relative 
slip 

-2..10-4 	 .0 	( a 	rn ) 

FIg. 6 Distribution of pressure of 0.0 relative slip 
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Fig. 7 Distribution of pressure for 0.1 relative slip 

determine the details of the distribution of shear stress on the 
lower surface and the distribution of pressure for typical fluids of 
each of classes (a), ( h i and (c) in a typical operation. The second 
objective is to map out the system parameters over a wide range 
of fluids and operations and to correlate useful design informa-
tion 

Pursuant to the first objective, a fluid is chosen with (P 0 ) = 8.9 
x 102  kg/m 2 , (go) = 1.4 x 10 -2  N.s/m 2 , ((3) = 0.0 m 2 /N and (e) 
= i 1) = 0.0 m2  IN . The fluid is further specified by 
Case (a) is that of a linear fluid such as hydrocarbon lubricant, 
case ( b) is that of a general viscous fluid with zero ultimate vis-
cosity such as a siiicone lubricant, and case (c) is that of a gener-
al viscous fluid with an ultimate viscosity at 25 percent of the 
f rise viscosity such as a poiyisobutene dissolved in a hydrocarbon 
.abricant. These fluid specifications are chosen to eliminate the 
< tects of pressure on both the density and viscosity functions. An 
,:eration is chosen with (IV = 5.1 x 10 - =' rn. (ha) = 7.6 x 10 6  

•'1 ,31 	= 1.9 * 1..0 -2  in. The operation was finaily specified 

, is that of an operation with pure roiling with no relative 
o and Case 2 is that of an operation with the same roiling ve-

toed.%) and 0.1 relative stip Thus, a total of six cases are consid-
r• a I 'le resulting distributions of shear stress on the lower sur- 

e• ra bowa ;- .1!,S. I:4i and (5). The corresponding distribu-
t i,ips of pressure are shown in Figs. (61 and (7). 

1.rsuant to the second objective a number of dependent vari- 
interest must oe introduced. Thus. let (TR) be the trac-

tion on the lower surface per unit length and ( W) be the load per 
unit length. In accordance with standard conventions, (TR) is 
pirotive when it acts in the positive x direction in Fig. (4). These 
quantities can be obtained as simple integrals of (s) and (p) over 
the interval (x.) to (x,.) where (x,) is the exit coordinate of the 
film. For convenience and economy of display, the following di-
mensionless parameters are introduced • 

(operations parameter') 

(slip parameter) 

(first fluid parameter) 

(second fluid parameter) 

(traction parameter) 

,QT = Q(Upok) -1  - HT 	(flow rate parameter) 

The dimensionless parameters (H7') and (QT) are of primary 
interest to the process engineer and will not be further considered 
here. Curves for (7'Re) and (WT) as a function of (G)) with (G2) 

and (G3) as parameters and (G4) = 0.0 are Presented in Figs. 
(8) and (9). These curves were calculated for fluids with (e) = (f) 
= 0.0 m 2 /N (i.e., for a fluid with constant density). Estimates of 
dimensionless parameters for nonzero values of (G4) can be ob-
tained by vertical interpolation with respect to (G4) between the 
bounding values of the parameter for (G4) = 0.0 as given by the 
current value of (G3) and for (G4) = 1.0 as given by the zero 

value of (G3). 

Discussion 
The solution of the system for a given set of data requires 30 to 

30 sec of CPU time on the Univac 1108. The accuracy of these so-
lutions is adequate for all practical purposes and tnese solutions 
are indistinguishable from the limiting solutions when compari-
son is possible. The maximum relative error for computation of 
the iterates was set at 0.1 percent for (s r) and (p,) and at 0 01 
percent for (x 5 ). The roots are generaily accurate to 4 or 5 signifi-
cant, figures. Comparison of the finite difference solutions based 
on a variable grid of 50 points with the analytic solution for a lin-
ear viscous fluid in case (a) indicates that the relative error for 

(sr), (pi) and (x 5 ) is less than 1.0 percent. Similar agreement 
would be expected for the general viscous fluid in .vases (h) and 
(c). A comparison of solutions for increasingly dense grids con-
firms this. 

The solution technique is stable for values of the operations pa-
rameter (G1) which are reasonably below its limiting value (G1*) 
This limiting value cannot be easily calculated except for the lin-
ear fluid of case (a). In general (01*) is that value of ((71) for 
which (WT) becomes infinite For the linear fluid with (G1*) 
6 58, stable solutions are easliy obtained for ail values of (G1) less 
than 90 percent of (01*). As (G1') is approached, the pressure 
distribution becomes quite steep. This occasions an Mstability 
. distribution wnicn is attributable to the second order finite 
_iiiterence representation of the pressure gradient. .-fence the 
;,roolern can he avoided by a modification of this representation. 
:D uch a modification is not necessary for this investigation since 
the maximum pressure is maintained at relatively low levels 
(under 1.5 x 107  N/m 2 ) so as not to validate the assurnotion of 
- gid cylinders. At these pressure tevels. the effects of fluid com-
pressibility are also negligible since typical values of , - e) and (f) 
are on the order of 1.5 x 10 -10  m 2 ;' N. 

1-'in examination of Figs. (4) and (5) reveals a large reduction in 
peak shear stress for general viscous fluids as compared with lin-
ear viscous fluids. The distributions are similar in form Compar-
ison of Fig. (4)-with Fig. (5) indicates a significant dependence of 
the distributions on the relative slip. The discontinuity in slope of 
the shear stress distribution at the cavitation coordinate is associ-
ated with the creation of fluid streamers there. Examination of 
Figs. (6) and (7) reveals a similar reduction in peak pressure for 
general viscous fluids are compared with linear viscous fluids. 
This results in a loss of load capacity (WT) which is particularly 
significant at large values of the operations parameter It should 
also be noted that general viscous fluids with decreasing values of 
(a) have increasingly larger values of the cavitation coordinate 

Comparison of Fig. (7) with Fig. (6) indicates a significant 
dependence of the pressure distribution for a general viscous fluid 
on the relative slip. For a linear viscous fluid the pressure distri-
bution is independent of relative slip. 

The behavior of a general viscous fluid with zero ultimate vis-
cosity as given by equation (6) is represented in Figs. (8) and (9). 
These curves are strictly true only for incompressible fluids, but 
most fluids. are incompressible at the pressure levels considered. 
These curves should be of interest to the machine designer, as 

(load parameter) 

(traction coefficient) 

(expansion parameter) 
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Fig. 8 Traction coefficient (TRC) as a function of operation parameter 
(G1) for given slip parameter (G2) and first fluid parameter (G3) 

well as the researcher, working with fluids of class (b). The up-
ward turn of the curves in Fig. (9) should be noted. This indicates 
the existance of a limiting value of (G1) as a function of (G2) and 
(G3). Generally, this limiting value (G1*) becomes larger as (G2) 
and (G3) increase. As this limit is approached, the peak pressure 
becomes infinite. 

It is also interesting to note the large range of negative traction 
coefficients in Fig. (8). These values indicate conditions under 
which cylinder 2 cannot drive cylinder 1. Fig. (9) also allows the 
determination of the characteristic reciprocal shear stress (k) for 
fluids of class (h) by a correlation of the measured load capacity 
(WT) and the operations parameter (G1). Previously published 
information [5. 18] has been confined to zero values of the opera-
tions parameter (G1 ) and fluid parameters (G3) and (G4). 

The problem formulation presented here is independent of the 
specification of the viscosity function for the general viscous fluid. 
As such it can be applied to viscosities of the Ree-Evring type, 
Maxwell-Milne-Burton type, or the Maxwell-Zaremha-Tanner 
type. To obtain solutions by the solution technique presented, it 
is only necessary that the integrals and their partial derivatives 
he tractable. The integrals need not be in closed form, and, in 
fact, the viscosity function need not be expressible as a combina-
tion of elementary functions. The integral evaluations can be 
handled numerically with sufficient accuracy for solutions to con-
verge. The solution technique is thus, adequate for the general 
problem formulation for rigid cylinders. Finally, the basic prob-
lem formulation and solution technique can also be retained when 
the assumption of rigid cylinders is replaced by the assumption of 
elastic cylinders. 

Conclusions 
Much of the previous work in the viscous lubrication of rolling 

and sliding rigid cylinders has been unified in this investigation. 
Building upon the specialized results of others, a general problem 
formulation has been obtained which encompasses the general 
viscous fluid as well as the linear viscous fluid. It is only required 
that the fluid rheology he defined by the density and viscosity de-
viation functions alone. A uniform solution technique has also 
been developed which is adequate for the general problem formu-
lation. Results have been obtained for three special classes of vis-
cosity functions. These indicate the feasibility of this approach. 
The above results are of practical interest and are valid under 
lightly loaded conditions. 
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APPENDIX I 

	

Case(a) 	t1 = g oe" 

l i 	(s, 1) = 0.0 

/2  = (s, t) = 0.0 

	

Case(b) 	II = p. oel3P(1 + (k-r) 2 ) -1 ,  

/ 1 (s, t) = k. 2 (s 3  + 1. 5s2 t + st2  + 0.2513 ) 

/2 (s, t) = k2 (— 0. 5s 3  — s2 1 — O. 75st2  — 

p. o cap (1 + a2 (k7)2 )(1 + (k72 ) -t  
1 	 2 2 2 

	

it(ti 	= —
2 

(1 — a2 )a-2 (2s + t — a-20t-1  ln(1 + a2k 2 t(2s + t)(1 + a s 	)) ,  

12(s, t) = -1(1 — a2)a-2 k 3s — 2t + 6a -2 V2 t -1  + 

— 3a-2k-2s 1 —2  ln(1 + a2  1z 2 t(2s + t)(1 + 02 k 2  )4 ) + 

— 6a-3k -3 t -2  tan -1 (akt(1 + a2  k 2  s(s + 0)-1 ) 

Case (c) 

APPENDIX 2 
Computational Flow Chart 

(Subscript (i) refers to inlet region and subscript (e) refers to 
outlet region. (JAC) is the Jacobian of the set of equations in the 
first argument with respect to the set of variables in the second 
argument. (ERR) is the relative error function of the set of vari-
ables in the argument. (e) is the error criterion. (g.t.) is (greater 
than). 

1 Read system parameters (x„,R,11,a,po,e,f,m0,13,k,a,P.,Pn) 
2 Read state parameter (ho) 
3 Read grid spacing (d.r i rr = 
4 Read or calculate starting solution (st° ,pr° ,xb ° ) I.  

5 Set (5/*,pr*,xb*) T  = (sr° ,p/ ° xb ° ) T  
6 Calculate (A,‘,J,i-i) = NAC(T1 *,P.h+1*) 
7 Solve (T/,*)r = (.411,Jt+ 1)(Pd 
8 Calculate (si i )T 
9 Set (sk*,Pt,+1*)T  = (st,,Pt, i) T  

10 If (ERR((s i ,*,m, ,1*) 7 ')) g.t. (eps), go to (6) 
11 Calculate (11/,„h.) = (JAC((ri e *,m,*), (pj,*,x0))) 

12 Solve (T/ 55 ,p5*)T = (111,,Je )((pje —pde*), (x1,— xe*)) 7" 
13 Calculate (s/e)T 
14 Set (s i ,*,p 1 ,*,xh*) 7.  = (• i „,p ie ,x b )r 
15 If (ERR((s i ,*,p1 ,*,xh*)T)) g.t. (eps), go to (11) 
16 Set (st ° ,p, ° ,xb ° ) 1.  = (•r*,Pf*,xo * ) 1.  
17 If (ERR(sio,pi°,siorr)) g.t. (eps) go to (5) 
18 Write (s i ,p,,xt,)T 
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APPENDIX B 

Thesis Abstracts 

1. Jorgen Jakobsen, "Lubricant Rheology at High Shear Stress". 

This thesis reports capillary viscometric measurements at shear stresses 
up to 700 psi (4.8 x 10 7  dyn/cm2 ) and reports the general observation 
of constant viscosity of the investigated 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 
elastohydrodynamic liquid films. Solutions can be obtained via dimen-
sionless 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 capillary 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 6  dyn/cm2  ( -14.5 psi). The increased 
shear stress limit is only 3 - 5 times less than the average shear stress 
experienced by the fluid during passage of an elastohydrodynamic contact. 
A further increase in shear stress limit up to about 1.4 x 10 8  dyn/cm2 

 (-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 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 7  dyn/cm2 , at 75 ° F. The polymer 
blended mineral oil shows non-liquid behavior at low stress (above about 
10 5  dyn/cm2 , 1.4 psi). These observations of non-liquid behavior of a 
silicone oil and a ploymer 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 measurements 
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 inteiest, particularly shear stress and maximum temperature, under 
physically reasonable assumptions. The theory has been developed to a 

1 
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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 elastohydrodynamic quantities can be derived from the maxi-
mum temperature and the shear stress. 

2. Valentin A. Turchina, "Pressure and Temperatui Measurement Techniques in 
Elastohydrodynamic Contacts". 

This research concerns the development of techniques to measure two 
parameters in elastohydrodynamic point contact lubrication. The measure-

ment of lubrication parameters of pressure distribution, and temperature 
distribution for the very severe conditions of the contact can be an impor-
tant tool in the design of the machine parts and in selecting the most 

efficient lubricant for them. The object of the research performed was to 

investigate the feasibility of both a proposed pressure measuiement technique 
and a temperature measurement technique. 

The pressure measurement technique employed a transducer which consists 
of a 9.0 x 10 5  m (.0035 in.) diameter_ piston attached to a cantilever load 
cell and a lowed to move in a 9.0 x 10 5  diameter orifice in the sapphire 
bearing plate. 

The temperature measurement system consists of an infrared micro-detector 
used to collect infrared radiant energy from the elastohydrodynamic contact 
and, thereby, allowing the deduction of the local temperature. The problem 
of separating the infrared radiance contributions from the bail, lubricant 
film and sapphire bearing plate has been solved by collecting the infrared 
radiation under three different conditions, two of them sing steel spheres 
with different emissivities and, one using a filter consisting of a calibrated 
fluid sample "cell", placed between .he infrared detector and sapphire 
bearing plate. 

The research was entirely experimental in nature and, in each of the above 
two measurement systems (pressure and temperature) this thesis has the 
objective of simply showing the feasibility of the techniques. Therefore, 
the number of fluids examined and operating conditions used were limited. 

3. David L. Walker, "Polymer Degradation is Sliding Elastohydrodynamic Contacts". 

This investigation is a study of polymer degradation iu sliding elastohydro-
dynamic lubrication. Elastohydrodynamic lubrication is typically found in 
highly loaded point contacts such as gears, certain cams and followers and 

. 	rolling element bearings. The lubricant in this contact is subjected to 
extremely high pressures (i50,000 psi) and very high shear rates (10 6  sec_ 1 ). 
A variety of fluids were examined. These included bulk polymer lubricants, 
hydrocarbon lubricants, and polymer containing hydrocarbon solutions. 

A technique was developed that allows small samples (10 microliters) of the 
test fluid to be extracted directly from the elastohydrodynamic contact. 
These samples were then analyzed to determ ne changes in viscosity an mole-
cular weight distribuLiJu. 
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Severe degradation was found in fluids which had molecular weights of over 
1000. This degradation resulted in viscosity losses of up to 70 percent. 
It is concluded that a designer should assume the base oil viscosity when 
designing mechanisms which are to use polymer containing hydrocarbon mixtures. 
When designing for bulk polymers each combination of fluid and mechanism 
should be tested. 

4. Richard K. Kunz, "Thermal and Traction Behavior in Sliding Elastohydrodynamic 
Contacts". 

An existing shear stress theory and lubricant rheological model were studied 
and evaluated by applying them to traction prediction in a sliding elasto- 

hydrodynamic point contact. A computer program was written to calculate 
shear stresses in the contact based on the theory, and to numerically 
integrate over the contact area to yield the traction. The results of 
such calculations, using measured film thicknesses and moving surface temr 
peratures, were compared with measured tractions under several conditions of 
normal load and sliding speed. The comparison shows that the theory gives 
a relatively good traction prediction for high speeds, but that it appears 
to break down at lower speeds, where calculated tractions significantly 
exceed the measured values. Possible explanations for this disparity include 
the occurrence of asperity interactions at low speeds and thin films, and 
the onset of non-Newtonian lubricant behavior at the higher shear stresses 
which occur in the low speed range. 

The effect of variations in the lubricant material properties on the traction 
was studied by varying the input parameters to the computer program. The 
traction was found to be increased by an increase in the inlet viscosity of 
the !ubricant, and by a decrease in its temperature-viscosity dependence. 
A weaker increase in traction was obtained by increasing the fluid's pressure-
viscosity dependence. 

In order to make the theory applicable to engineering use, a formula for 
calculating the film thickness was applied, as well as an iterative method 
for determining the temperature of the moving surface. The film thickness 
calculation was found to yield satisfactory results for most hydrocarbon 
oils. The method for determining the temperature is adequate for use in 
traction calculations at high speeds, but becomes less satisfactory as the 
speed decreases. 

5. Stephen F. Carlson, "The General Viscous Lubrication of Rolling and Sliding 
Elastic Cylinders". 

The action of a fluid between rotating cylinders is examined, a general 
theory is proposed, a simplified model is derived, and a method of solution 
for the resultant pressure distribution is developed. The system is consi-
dered isothermal. The cylinders are considered smooth and elastic. The 
relative motion is considered steady and perpendicular to the line of centers. 
The fluid is considered generally compressible and viscous, that is, completely 
characterized by its density and viscosity functions. These functions are 
considered shear stress dependent. A mathematical model is derived, and a 



method of solution is developed which yields ti pi,ssure distribution 
corresponding to a set of parameters defining tue state of the system. All 
other information, suca as the film thickness L.dd shes:r stress distributions, 
can be obtained from this pressure distribution. The method of solution 
is effective over a wide range of system parameters for well--behaved density 
and viscosity functions. Solutions are oLLained for several classes of fluids 
of technical importance, and applicabi2 design charts are constructed. The 
isothermal assumption is reexamined. A thermal generalization of the theory 
is proposed. 

6. Vernon K. Asherman, "Infrared Temperature Mapping in Elastohydrodynamic 
Lubrication". 

The research undertaken iu this thesis develops and refines a technique for 
determining fluid and bearing surface temperatures in an elastohydrodvnamic 
sliding poi 	contact. The experimental technique utilizes a microdetector 
which collects and measures infrared radiation emitted at dificlent locations 
in the Hertzian contact zone. Temperatures are calculated through an iterative 
procedure developed by an analysis of the bearing and fluid emissive and 
transmissive characteristics at two intervals in the infrared spectral range. 
Data obtained by subsequent experimentation using this technique is presented 
and discussed. 
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