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Abstract 

 Perhaps the most thorough characterization of the elevated pressure properties of any 

commercial EHL lubricant is presented here for a gear oil.  Compressibility, thermal 

conductivity and low-shear viscosity were measured.  Of particular interest is the shear 

dependence of viscosity, measured across four decades of stress, which shows two transitions 

each with a specific value of power-law exponent.  An attempt to capture a suspected third 

transition at very high stress resulted in mechanical degradation of the liquid in the viscometer. 

Numerical simulations of a point contact between a steel ball and a glass disc showed good 

agreement over a range of slide-to-roll ratio for the measured central thickness.  The agreement 

for the minimum thickness was excellent.  A new result is that shear-thinning of a higher 

molecular weight component that occurs from 3 to 200 kPa had little effect on the film thickness 

and could therefore be neglected in a film thickness calculation. 
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1. INTRODUCTION 

 The field of elastohydrodynamic lubrication (EHL) has now diverged into two very 

separate areas.  The first is the classical approach in which primary measurements of liquid 

properties are not welcomed because these are the properties which must be adjusted to match 

theory to experiment [1]. The second is the quantitative approach [2] in which primary 

measurements of liquid properties are essential since these properties are used to predict new 

contact behavior and validate theory.  The quantitative approach has resulted in rapid advances 

in understanding of film thickness [3-7] and friction [3, 8-11]. 

 There has been recent resurgence of interest in friction of EHL films.  Sometimes lost in 

the discussion is the fact that superposition instructs that the constitutive behavior, which applies 

to the Hertz zone where friction is generated, must also be applied in the inlet zone where the 

film is formed.  Therefore, it is not sensible or possible to discuss the effect of rheology on 

friction without addressing the effect on film thickness. 

 Film thickness is important to the durability of machine components, particularly the 

minimum value, and the central thickness of the lubricant film determines the shear rate which 

must be known to calculate friction. 

 The shear-dependent viscosity, η , of multigrade crankcase oils most often begins to 

depart from the low-shear viscosity, µ , at low shear stress and, after a small decrease in 

viscosity, there is an inflection in the log-log representation of viscosity versus shear stress or 

rate.  The inflection may be followed by a plateau of constant viscosity with a second Newtonian 

value, 2µ ; however, more often, before the viscosity can become constant, the shear dependence 

of the base oil begins to affect the overall viscosity.  See Figure 1 for an example from [12] of a 

10W-40 motor oil.  This behavior can be accurately described within a limited range of shear 

stress, τ , by a multi-component modified Carreau (MCMC) equation introduced by Bair and 

coworkers [13] in 2005.  
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The parameters of this model are listed in Table 1 for several commercial lubricants.   

 The shear response of a multigrade gear oil is usually different.  The shear-thinning 

begins at greater shear stress and the inflection is seldom seen as there is a smaller interval 

between the first Newtonian limit, 1G , and the shear thinning of the base oil, 2G .  An example 

for a 75W-90 gear oil is included in Figure 1 from [14] to illustrate the difference.  Parameters 

are listed in Table 1.    

 In this article, the properties of a commercial high viscosity gear oil, Mobilgear SHC 

6800, are thoroughly characterized for a film thickness calculation.  This oil is the middle 

viscosity grade of a series of five gear oils (1500, 3200, 6800, 22M and 46M) by the same 

manufacturer.  The high viscosity is beneficial for measurement of the shear dependent viscosity 

since pressures need not be extreme to generate large shear stress.  Shear-thinning models which 

can be useful in EHL simulations of gear contacts are evaluated.  The central and minimum film 

thicknesses predicted from the measured properties are compared with accurate film thickness 

measurements.  Data such as these should also be useful in accurately predicting friction 

provided that the stress is sufficiently low to avoid degradation. 

 

2. COMPRESSIBILITY 

The change in length of a metal bellows can be measured by a potentiometer housed 

within a pressure vessel to detect changes in volume of a liquid [15].  The maximum pressure is 

400 MPa and the temperature goes to 110°C.  The sample volume may not be less than 0.84 of 

the volume captured when the sample was installed at ambient temperature and pressure. Also, 

the volume must not exceed 1.09 of the volume captured when the sample was installed or the 

bellows will be permanently deformed. There is no known viscosity limit for the potentiometer-

based instrument and for this reason it is employed here.  The relative volume calibrations were 
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performed with water using the National Institute for Standards and Technology certified 

densities [16]. 

 The relative volumes, ( ) ( )o, 30 C, 0R RV V V T p V T p= = = , of the oil referenced to 30°C 

and atmospheric pressure are listed in Table 2.  The Murnaghan equation of state [17] is used to 

represent the temperature and pressure dependence of the density of the gear oil. It reads 

 

 (2) 

The isothermal bulk modulus for this model is 0 0K K K p′= + .   

For any isothermal form, ( )0K T can be described by  

 ( )0 00 exp KK K Tβ= −  (3) 

0V  must also vary with temperature and a linear dependence of ambient pressure density on 

temperature is most often employed; however such a relationship will sometimes lead to crossing 

of isotherms.  To avoid this difficulty the ambient pressure volume is made linear with 

temperature. 

 ( )0 1 V R
R

V a T T
V

= + −  (4) 

Here RV  is the reference volume at the reference temperature, 30RT = °C and ambient pressure.  

The parameters of equations (2-4) are listed in Table 3.  This correlation is compared to the data 

and to a comercial 85W-140 gear oil in Figure 2. 

 

3. THERMAL CONDUCTIVITY 

 The thermal conductivity at ambient pressure, 0k , was measured by transient hot-wire 

technique at 30 and 50°C, giving 0.146 and 0.139 W/mK, respectively, with estimated 

uncertainty of 0.002 W/mK.  With Rk =0.146 W/mK and 0.0025ka = − K-1, the ambient pressure 

conductivity can be given [18] as  
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 ( ) ( )0 1R k Rk T k a T T= + −    (5) 

A simple density scaling rule for the thermal conductivity at elevated pressure [19] is assumed to 

hold here. 

 ( ) ( ) ( )
( ) ( ) ( )

( )

3 3

0 0
0 0
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4. LIMITING LOW-SHEAR VISCOSITY 

 A falling cylinder viscometer [20] was used to determine the viscosity as a function of 

pressure.  Because of the low shear stress, 45 Pa, used in these stress-controlled measurements, 

the viscosity may be considered to be the limiting-low-shear viscosity, µ .  The estimated 

uncertainties are 3% for viscosity, 0.5°C for temperature and the greater of 1MPa and 0.5% in 

pressure for pressures to 350 MPa and 0.7 % for pressures above 350 MPa. The results are listed 

in Table 4. 

 At least eight different definitions of the pressure-viscosity coefficient have been used.   

The reciprocal asymptomatic isoviscous pressure coefficient, 

 ( )
( )

1

0

0p
dp

p
µ

α
µ

−
∞ =

=  
 
∫  (7) 

is the coefficient employed in the Hamrock and Dowson film thickness formulas and is given 

here in Table 4.  There is no consensus on the proper definition of the pressure-viscosity 

coefficient for film forming. 

The Yasutomi model [21], which does not require an equation of state, is a pressure 

modification of the Williams-Landel-Ferry [22] model for the temperature dependence of the 

dynamic properties of super-cooled liquids 

 
( )

( )
1

2

2.303
exp g

g
g

C T T F

C T T F
µ µ

 − −
=  

+ −  
 (8) 

where ( )gT p  is the glass transition temperature which varies with pressure as

 ( )0 1 2ln 1g gT T A A p= + +  (9) 
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The dimensionless relative thermal expansivity of the free volume, ( )F p ,  is given by a new 

empirical expression [23]. 

 ( ) 2

11 bF b p= +  (10) 

 The glass viscosity, gµ , was assumed to have the “universal” value of 1012 Pa·s.  

Additional parameters are listed in Table 5.  The viscosities near ambient pressure are quite 

important to film forming.  Due to the relative importance of the low pressures, the data at 0.1, 

25 and 50 MPa were weighted at times 16, times 4 and times 2, respectively in the least squares 

regression. The curves shown on the plot in Figure 3 are the Yasutomi correlation.   

 The log(viscosity) versus pressure inflection has not been reached in the data.  There is 

no data above the inflection pressure to uniquely define the parameters in the correlation.  

Therefore extrapolation above the inflection is expected to underestimate the viscosity at high 

pressures. 

 

 

5. SHEAR-DEPENDENT VISCOSITY 

 The pressurized thin-film Couette viscometer has been previously described [15].  The 

gear oil was sheared between a rotating cylinder and a stationary cylinder immersed in 

compressed liquid within a pressure vessel. The radial clearance was established by 

measurements on diisodecyl phthalate (DIDP), (Fluka >99%).  DIDP is an internationally 

recognized reference liquid for high pressure [24] and has pressure and temperature response 

similar to liquid lubricants.  

 Three cylinder sets were employed to characterize shear-thinning across four decades of 

shear stress, six decades considering the falling body measurements.  The cylinder sets are 

described in Table 6.  Any experimental measurement of viscosity involves shearing of the liquid 

which produces an increase in the temperature of the liquid.  For measurements of constitutive 

response, it is necessary that the associated temperature increase does not obscure the change in 

viscosity due to molecular alignment.  That is to say, the product of the temperature increase and 

the temperature-viscosity coefficient must be small.  The temperature-viscosity coefficient is 

known from the low-shear measurements.  There are two sources of temperature increase of the 
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sheared liquid, the temperature increase at the working surface of the cylinders and the variation 

of temperature across the film.    

 To mitigate the temperature increase at the working surface, the cylinders are fabricated 

from very high thermal conductivity materials and each measurement consists of shearing for a 

single rotation of the rotating inner cylinder.  The highest rotational speed was 2 revolutions per 

second.  The stepper motor was programmed for 10 ms acceleration.  The torque transducer 

damping fluid is Fluorinert FC77 which has such low viscosity at the test pressures that the 

transducer response time is less than the acceleration time.  The method of braking one of two 

rotating cylinders [25], which produces millisecond response, was not used because high shear 

rates are not of interest in a shear-thinning measurement when pressure and temperature are 

variable.  To reduce the temperature variation across the film, the shearing films are thin, 

yielding small values of the Nahme-Griffith number.  

 Shear dependent viscosities are plotted versus shear stress in Figure 4.  Three regimes of 

shear dependence are observed in the data.  First, at shear stress less than 3 kPa, the viscosity is 

constant.  Second, there is mild shear dependence from 3 to 150 kPa.  Third, at shear stress 

greater than 150 kPa, the viscosity is more strongly shear dependent up to the highest measured 

stress of 5 MPa.  The mild shear dependence from 3 to 150 kPa is typical of the response to 

addition of a polymer viscosity improver [26].  The shear dependence at shear stress greater than 

150 kPa has been observed in a high viscosity polyalphaolefin base oil [13]. 

 Following the highest stress applied by the 8 mm diameter cylinder set, 1.4 MPa, the 

viscosity was repeatable at lower stress.  Therefore, it may be assumed that the gear oil does not 

mechanically degrade at shear stress up to 1.4 MPa, indicating that degradation should not affect 

film thickness in a glass/steel rolling contact [27]. Degradation was observed at much greater 

stress and this will be discussed later. 

 It can be seen from the presentation of viscosity versus shear stress in Figure 4 that, to a 

good approximation, the flow curves would superimpose by shifting vertically.  This is time-

temperature-pressure superposition, the means by which shear-thinning can be applied to 

practical tribology problems.  Vertical shifting has been done for the highest and lowest viscosity 

flow curves in Figure 5 by reducing the generalized viscosity, η , through dividing by the low-

shear viscosity, µ .  It can be noticed that the vertical shifting in Figure 5 is not perfect.  This 

may be reconciled by setting each value of G  proportional to mµ  [26] with 0.09m =  here rather 
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than having each modulus being a constant.  This shifting will not bring a noticeable change in a 

tribological calculation, however. 

 Three shear-thinning models have been employed here, the multi-component modified 

Carreau (MCMC) equation (1) with two components (MCMC2) and the multi-component 

modified Carreau (MCMC) equation (1) with one component (MCMC1) and a new Ree-Eyring-

Carreau (REMC) multi-component equation introduced below.  These models are shown in 

Figure 5. 

 In Figure 5 the MCMC2 model departs from power-law behavior for shear stress greater 

than about 3 MPa.  The first component with the largest value of in , 0.873 versus 0.72 for the 

second, will become dominant at high shear stress.  The single component version, MCMC1, 

eliminates this issue: however, as shown in Figure 5, the contribution of the higher molecular 

weight constituent to shear-thinning is lost. Because the response is power-law at high stress, the 

Ree-Eyring-Carreau model below was introduced in reference [28] to maintain power-law 

behavior at high stress.  
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 The Ree-Eyring equation [29], (11) without the Carreau term, was offered by Eyring and 

coworkers as a constitutive model to describe power-law response of mixtures.  There is an 

advantage in the use of sinh terms over the Carreau terms for the shear dependence of 

components with low Newtonian limits.  Power-law behavior can be modeled over a small 

interval of stress as with Carreau; however, the sinh term quickly vanishes at higher stress while 

the Carreau term of low Newtonian limit components will dominate at very much higher stress.  

The disadvantage is that more terms are required to give power-law behavior.   The Carreau term 

was added in reference [28] for convenient extrapolation.  The preferred independent variable 

here is stress. Therefore equation (11) was modified in this work to become the Ree-Eyring-

modified Carreau (REMC) model used here. 
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The parameters are listed in Table 7 and the reduced viscosity is plotted in Figure 5.  Notice that 

REMC and MCMC1 differ only in the effect of shear-thinning contributed by a high molecular 

weight constituent and this will be used to investigate its effect on film thickness in what 

follows.   

 The shear-thinning relation most often employed in classical EHL, which makes shear 

rate vary with the hyperbolic sine function of stress, is actually not shear-thinning. It is an 

empirical equation describing thermal softening due to viscous heating in Poiseuille flow [30], 

which was mistaken for another form of non-Newtonian flow, thixotropy, in early viscosity 

measurements [31].  

  

6. EHL FILM THICKNESS CALCULATIONS 

 The film thickness calculations in this work are done using the thermal generalized-

Newtonian EHD model developed by Habchi et al. [32] based on the full-system finite element 

approach. It consists in solving first the EHD part; that is, the generalized-Reynolds [33], linear 

elasticity and load balance equations in a fully-coupled fashion. The full-coupling provides any 

loss of information that would occur in a weak-coupling scheme and would lead to slow 

convergence properties of the overall numerical procedure. The solution of this part provides the 

pressure and film thickness distributions in the contact. These are used as input for the thermal 

part of the problem. The latter consists in applying the heat transfer equation to the lubricant film 

and contacting solids. The arising equations in the lubricant and solid domains are then also 

solved in a fully-coupled fashion. This gives rise to an updated temperature field which is used to 

update the lubricant properties throughout the film. In fact, the employed model accounts for the 

viscosity, density and thermal conductivity variations of the lubricant with pressure and 

temperature throughout the film. It also accounts for the variations of viscosity with shear stress. 

An iterative procedure is established between the EHD and thermal part until both pressure and 

temperature fields within the contact are converged. All equations are discretized using finite 
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elements. Being non-linear, these are solved using a Newton-like procedure. For further details 

about the employed geometries, meshes, solution techniques, etc. the reader is referred to [32].          

 

7. EHL FILM THICKNESS MESUREMENTS 

 Film thickness measurements were carried out using optical tribometer and colorimetric 

interferometry technique [34] in improved configuration where a color/film connection is 

represented by empirically fitted functions and a silica spacer layer is not used [35]. This 

technique evaluates the film thickness from interferograms by color matching algorithm and 

color-film thickness calibration curves with nanometer resolution. The calibration curves are 

obtained from Newton rings for static contact immersed with lubricant. Because these rings are 

generated at ambient pressure out of highly loaded zone, the calibration does not include change 

of lubricant refractive index with pressure. Therefore central film thickness data are corrected 

after color-film thickness evaluation by method based on Lorentz-Lorenz equation [28] and 

Murnaghan equation (2) for density variation with pressure. The calculated correction factor has 

decreased the reported central film thickness by 5.4 %. Minimum film thickness is not corrected 

since pressure in this area is close to ambient pressure.  

 Elastohydrodynamic contact was formed between glass disc and steel ball giving reduced 

modulus of elasticity 123.8 GPa. The measurements were conducted for load of 48 N 

corresponding to 0.6 GPa Hertzian pressure, mean speed of 20 mm/s, slide/roll ratio from 0 to 

50% and temperature of 60 ± 0.5°C. Due to high viscosity of gear oil the main part of film 

thickness measurement uncertainty comes from temperature inaccuracy. For this gear oil at 

temperature around 60°C the deviation of 0.5 °C corresponds to approximately 6 nm central film 

thickness change. Hence the tribometer was stabilized for one hour to achieve high uniformity of 

temperature and all measurements were done in close succession. All simulations and reported 

measurements are for the case of the ball moving faster than the disc.   Film thickness results 

together with the present calculated values and Hamrock and Dowson [36] isothermal, 

Newtonian predictions are shown in Figure 6. Calculated data obtained by the numerical solution 

described in Section 6 are provided for two shear-thinning models.  
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8. DISCUSSION 

 Perhaps the most thorough characterization of the elevated pressure properties of any 

EHL lubricant is presented here.  Of particular interest is the shear dependence of viscosity, 

measured across four decades of stress, which shows two transitions each with a specific value of 

power-law exponent.   

 The measurements and calculations of film thickness shown in Figure 6 clearly indicate 

that the use of measured shear-dependent viscosity improves the prediction of film thickness 

over the most commonly used film thickness formula.  Surprisingly, the agreement is better for 

the minimum than the central thickness.  Of course, adjusting the pressure-viscosity coefficient 

of the Hamrock and Dowson formula to match the measured film thicknesses, the usual approach 

in classical EHL, would improve the agreement; however, this would not be a prediction of film 

thickness and would not be helpful in extrapolating to the more severe conditions of a real 

gearbox.  The scale and load dependence of film thickness are both influenced by the shear-

thinning response of the gear oil [5, 6]. We have used the definition of quantitative EHL which 

was introduced in a letter to the editor of this journal [37].  That letter defines quantitative EHL, 

as opposed to classical, as using accurately measured viscosity rather than the usual method of 

adjusting viscosity.  The classical approach is the one that gives almost perfect fit to data as the 

viscosity is adjusted to do so.  The quantitative approach may not.  New discoveries may result 

from the lack of a perfect fit when the real viscosity is used. 

 An interesting aspect of the calculations is that the two models, REMC and MCMC1, 

which differ only in the effect of shear-thinning contributed by a higher molecular weight 

constituent, yield nearly the same film thicknesses, REMC being slightly thinner.  A previous 

paper [38] using a very simple calculation identified the important interval of shear stress for 

film-forming in the glass/steel system to be 100 to 3000 kPa.  The two models only diverge for 

stress less than about 200 kPa in Figure 5, supporting the previous finding.  More interesting 

however is the result that shear-thinning of the higher molecular weight component that occurs 

from 3 to 200 kPa had little effect on the film thickness and could therefore be neglected. 

 The oil manufacturer does not fully disclose the formulation except to indicate that the 

base oil is synthetic hydrocarbon.  Therefore gel permeation chromatography was employed to 

confirm that two very different molecular weight components were responsible for the two 
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transitions found in the flow curves.  The chromatogram (Figure 7) indicated peaks with third 

moment molecular weights of 17,000 and 1300 Daltons.  The first peak is a polymeric thickener 

and the second is a high viscosity synthetic hydrocarbon base oil.  However, there was a third 

small peak at 500 Daltons that is believed to be a polar liquid used for solvency. The molecular 

weights at the peaks are indicated in Figure 7.  This motivated a search for a third transition in 

the shear dependence at still greater stress. 

 Another viscometer was used to characterize the shear dependence for shear stress greater 

than 6 MPa in the search for a third transition.  This viscometer was designed to measure 

viscosity at the very high shear stress required to characterize shear thinning in low molecular 

weight base oils [15].  The gear oil was sheared at γ = 400 s-1 at 23°C with the pressure set to 

400 MPa for three revolutions to center the cylinder set using the normal stress effect [39].  The 

stress should have been τ = 9 MPa from equation (12).  A stress peak was observed followed by 

a decrease over three revolutions. Subsequent attempts at a steady single revolution measurement 

resulted in progressively lower stress.  This is mechanical degradation [15]. Mechanical 

degradation of the liquid will certainly be a problem for any attempt to calculate friction at high 

shear stress.  Simulation of an EHL film with mechanical degradation of the liquid requires that 

the stress history of each liquid particle be tracked [40] and is one of the most challenging issues 

in EHL.  

9. CONCLUSION 

 A commercial gear oil was subjected to perhaps the most thorough characterization of the 

elevated pressure properties of any EHL lubricant.  Compressibility, thermal conductivity, low-

shear viscosity and shear-dependent viscosity were measured.  Shear-dependent viscosity was 

measured across four decades of stress. Two transitions, each with a specific value of power-law 

exponent were observed.  An attempt to capture a suspected third transition at very high stress 

resulted in mechanical degradation of the sample in the viscometer. Numerical simulations of a 

point contact between a steel ball and a glass disc showed good agreement over a range of slide-

to-roll ratio for the measured central thicknesses.  A new result is that shear-thinning of a higher 

molecular weight component that occurs from 3 to 200 kPa had little effect on the film thickness 

and could therefore be neglected in a film thickness calculation. 
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Nomenclature 

Va   thermal expansivity defined for volume linear with temperature, K-1 

ka   temperature coefficient of  k0, K-1 

A1, A2, b1, b2, C1, C2 Yasutomi parameters, various units 

f influence fraction 

F relative thermal expansivity of the free volume 

G  effective liquid shear modulus associated with rotational relaxation time, Pa 

k liquid thermal conductivity, W/m/K 

kR liquid thermal conductivity at reference state, TR, p = 0, W/m/K 

k0 thermal conductivity at ambient pressure, W/m/K 

0K  isothermal bulk modulus at p = 0, Pa 

0K ′  pressure rate of change of isothermal bulk modulus at p = 0 
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00K  K0 at zero absolute temperature, Pa 

m  shifting exponent 

n power-law exponent 

p pressure, Pa 

T temperature, K or °C 

TR reference temperature, K or °C 

gT   glass transition temperature, K or °C 

0gT   glass transition temperature at p = 0, K or °C 

V specific volume at T and p, m3/kg 

VR specific volume at reference state, TR, p = 0, m3/kg  

0V  specific volume at  p = 0, m3/kg 

 

α  reciprocal asymptotic isoviscous pressure coefficient, Pa-1 

Kβ  temperature coefficient of 0K , K-1 

γ   shear rate, s-1 

η   generalized (non-Newtonian) viscosity, Pa s⋅  

µ limiting low-shear viscosity, Pa s⋅  

µg limiting low-shear viscosity at the glass transition, Pa s⋅  

ρ mass density, kg/m3 

0ρ  mass density at  p = 0, kg/m3 

τ  shear stress, Pa 
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Table 1. Parameters of the 2005 multi-component modified Carreau (MCMC) equation. 

Oil N i fi ni Gi / kPa Std. Dev. 

10W-40 2 1 0.41 0.62 4.8 
6.3% 

2 0.59 0.63 6500 

75W-90 2 1 0.38 0.83 20 
- 

2 0.62 0.40 2500 

Mobilgear 6800 

MCMC2  

2 1 0.484 0.873 3.13 
3.2% 

2 0.516 0.72 147 

Mobilgear 6800 

MCMC1 

1 1 1.000 0.77 65 
5.3% 

— — — — 

 

  

  



20 
 

 

Table 2. Relative Volumes, ( ) ( )o, 30 C, 0R RV V V T p V T p= = = . 

p/MPa 30°C 60°C 88°C 
0 1.0000 1.0172 1.0377 
50 0.9754 0.9906 1.0055 
100 0.9563 0.9693 0.9827 
200 0.9285 0.9388 0.9488 
300 0.9090 0.9175 0.9252 
400 

 
0.9006 0.9076 
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Table 3. Murnaghan parameters 

0K ′  10.970 

00  / GPaK  7.608 

-3 1 / 10 KKβ
−

 
0.004840 

-3o 1 / 10 CVa −

 
0.6401 

Std. Dev. 0.068% 
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Table 4. Low-Shear Viscosity in Pa·s 

P / MPa  20.5°C 40°C 70°C 
0 36.6 7.95 1.23 
25 73.9 15.6 2.33 
50 138.3 28.8 3.93 
100 424 85.0 10.36 
150 1339 229 23.9 
200 

 
531 51.9 

300 
  

206 
400 

 
14750 

 

600 
  

9115     

α / GPa-1 25.7 24.3 21.6 
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Table 5. Yasutomi parameters 

0gT  / °C -97.12 

1A  / °C 225.2 

2A  / GPa-1 0.5200 

1b  / GPa-1 8.527 

2b  -0.2438 

1C  17.84 

2C  / °C 83.39 
Std. Dev. 5 % 
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Table 6. Cylinder Sets employed here 

Working Diameter / mm 12.65 8.01 5.02 
Working Length / mm 9.68 2.87 1.62 
Radial Clearance / µm 3.7 6.1 2.2 
Piloted No Yes Yes 
Thermal Conductivity / 
W/mK 

322 212 212 

Used here for µ / Pa·s <102 102 to 104 >104 
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Table 7. Parameters of the Ree-Eyring modified Carreau (REMC) model. Standard Deviation is 
4.5%. 

i 1 2 3 
n - - 0.758 

G/ kPa 3.20 80 220 
f 0.100 0.130 0.77 
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Figure 1. Shear-dependence of viscosity (flow curves) for a crankcase oil and a gear oil showing 
typical differences. 

C:\Users\sb11\Documents\Modeling Data\Mobil 6800\Flow curves for motor vs gear oils.xlsx 
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Figure 2.  The measured relative volume compared with the Murnaghan equation and an 85W-

140 gear oil. 

C:\Users\sb11\Documents\Modeling Data\Mobil 6800\Potentiometer based bellows 6800.xlsx 
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Figure 3. Measured low-shear viscosities and the improved Yasutomi correlation as the curves. 

C:\Users\sb11\Documents\Modeling Data\Mobil 6800\Alpha Hollow 6800.xlsx 
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Figure 4. Measured shear-dependent viscosities.  Curves are the REMC model. 

C:\Users\sb11\Documents\Modeling Data\Mobil 6800\Couette 12#4 6800.xlsx 

 

  

10

100

1000

10000

100000

0.01 0.1 1 10 100 1000 10000 100000

Vi
sc

os
ity

 /
 P

a·
s

Shear Stress / kPa

Mobilgear 6800

45.5C, 50 MPa 45.5C, 125 MPa 41.0C, 200 MPa

41.0C, 300 MPa 21.0C, 300 MPa REMC equation



30 
 

 

 

 

Figure 5. Comparing the MCMC1, MCMC2 and REMC models.  MCMC1 eliminates the 

contribution from the higher molecular weight component. 

C:\Users\sb11\Documents\Modeling Data\Mobil 6800\Couette 12#4 6800.xlsx 
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Figure 6. Film thickness measurements(ball moving faster than disk), calculated values and the 
Hamrock-Dowson isothermal, Newtonian predictions. Calculated curves obtained by the 
numerical solution described in Section 6 are provided for two shear-thinning models.  

C:\Users\sb11\Documents\Papers in progress\Gear Oil\Wassim Results.xlsx 
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Figure 7. Chromatogram for Mobilgear SHC 6800.  Molecular weights at peaks are given in 

Daltons. 
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