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b|_ebanese American University, Department of Industrial Bechanical Engineering, Byblos, Lebanon
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Abstract

The capability to predict elastohydrodynamic film-thickaeand friction from primary measurements of transport @rigs of
liquid has been an elusive goal for tribologists for 50 yesfest comparisons between predictions and experimentdvi@some
amount of tuning of the model in order to match the experimlergsults. In true prediction, this cannot be done sinceethe
are normally no experimental results to compare to. Prinma@gasurements of lubricant transport properties of Sgealeare
performed, and used in a numerical friction prediction mod&terwards, friction was measured in a ball-on-disc otister.
No tuning of the lubricant properties, model or test setupewsgpplied. The current work on EHL-friction is thereforeraet
representation of the current level of EHL-friction predia.
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1. Introduction The foundation for the prediction of film thickness and fric-
tion, atleast for low pressures, has been available for sionee
Elastohydrodynamic lubrication (EHL) is said to occur in lu The pressure dependence of density, viscosity and theomal ¢
bricated, non-conformal contacts where the elastic dedtion ~ ductivity was accurately described to EHL pressures (1.2)GP
of the mating surfaces has a significant influence on the-lubriby Bridgman [1] in 1931. Precise measurements of the temper-
cant film thickness. In many cases the elastic deformatien octure and pressure dependence of lubricants to EHL pressure
curs even for materials with a high young’s modulus due th hig were obtained in Bridgman’s laboratory and reported in the
contact pressures. These high pressures will in general givl953 ASME viscosity report [2]. The nature of non-Newtonian
rise to a substantial viscosity increase in the lubricanta- M response to shear stress in lubricants was correctly tesioy
chine components like gears, rolling element bearings ant ¢ Hutton in 1973 [3]. Therefore, much of the needed rheoldgica
followers operate under EHL conditions. Improving the perf ~ descriptions have been in place for about four decades &nd al
mance of machine components working under EHL regime ighat has been required has been to perform the computations
of great importance to reduce wear and increase efficiency. With accurately measured properties. Some good predgtion
The capability to predict elastohydrodynamic film thickses have been obtained for squalane and a polyalphaolefin using
and friction from primary measurements of the transporppro simple isothermal calculations where the film thickness agas
erties of the liquid has been an elusive goal of the tribologysumed uniform over the Hertz region resulting in the Herespr
community for more than fifty years. Indeed, such a capabilsure distribution [4, 5]. The analysis for the polyalphdiole/as
ity may be considered an indication of the maturity of the EHLimproved by a full EHL simulation [6] which calculated theate
field and of the understanding it has provided of the mectsanicdistribution of film thickness and pressure, resulting inean
governing the lubrication process. Nearly all of the reskam  traordinarily precise agreement with measured contac\ieh
EHL has involved the assumption of simple but unrealistes rh - @lthough at low pressure and sliding velocity.
ological models and the adjustment of the parameters oéthes
models for validation. Clearly, a complete understandiithe
film forming process, free of adjustable properties, must pr
cede a prediction of friction since the film thickness esthgls
the shear rate in the Hertz region where friction is mostiy-ge
erated. It is important to keep in mind that the pressuregang
and thus the viscosity increase inside the contact, thatrgev
the coefficient of friction is several orders of magnitudghar
than the pressures in the inlet that are governing film foionat

Successful predictions in the high pressure, thermal regim
have come more recently. Using the "full system approach"
[7, 8], it has been possible to predict EHL friction [9] accu-
rately at very high contact pressure with significant slidimhe
only property which was not obtained from a primary measure-
ment was the limiting-stress pressure coefficient. Thetgbil
to measure shear stress in a liquid when the response is rate-
independent [10] apparently has been lost for about twenty
years. However, when the other rheological properties aike w
known an approximation of this coefficient may be extracted
*Corresponding Author from a traction measurement with relative confidence. lt$ho
Email addressnar cus. bj orl i ng@t u. se (M. Bjérling) be pointed out that recent reseach [11] has shown that ar accu
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Nomenclature
Bk Temperature coefficient &€ [K 1] G Effective shear modulus [Pa]
X Dimensionless heat capacity scaling parameter g Thermodynamic interaction parameter
n Generalized (shear dependent) viscosigg k Thermal conductivity\[V/mK]
Y Shear rateq 1] K,  Pressure rate of change of isothermal bulk modulus
K Dimensionless conductivity scaling parameter at p=0
N Limiting stress pressure coefficient Koo Ko at zero absolute temperature [Pa]
Ar Relaxation time alg and ambient pressurg][ Ko Isothermal bulk modulus gi=0 [Pa]
] Limiting low-shear viscosityPag L Contact load [N]
HR Low shear viscosity afr and ambient pressuiegd Parameter in the heat capacity functidfirrK]
Heo Viscosity extrapolated to infinite temperaturag n Power law exponent
p Lubricants density [kg] P Pressure [Pa]
t Shear stress [Pa] q Coefficient in the dimensionless conductivity scaling
¢ Dimensionless viscosity scaling parameter parameter
0 Viscosity scaling parameter for unbounded viscosityg Exponent in the conductivity scaling model
A Coefficient in the dimensionless conductivity scaling SrRr  Slide to roll ratio
parameter
o ] ] ) Temperature [K]
ay Thermal expansivity defined for volume linear with
temperature 1] Tr Reference temperature [K]
Br Fragility parameter in the new viscosity equation ~ Ue Mean entrainment speed [m/s]
C Parameter in the conductivity functiow/[/ mK] \ Volume [’]
Co Parameter in the heat capacity functidpii®K] Vo Volume at p=0 {’]
Cp Specific heat capacity[ kgK] VR Volume at reference stat®g, p=0 [m°]
Cv Lubricants volumetric heat capacity W Friction power [W]

rate value of limiting shear stress cannot be obtained from aolecular weight branched alkane) were characterizedat-Ge
traction measurement unless the viscosity is known to bg vergia Tech. These properties were later used in a numericatmod
large. This is because the magnitude of the friction cofficie  to predict friction at the Lebanese American Universityatiy
the top parts of a friction vs slip curve is not only governgd b friction was measured in a ball on disc test device at Lule Un
the limiting shear stress, but also shear-thinning. versity of Technology. No tuning of the lubricant propestie
Most comparisons between predictions and experiments irnodel and test setup has been applied. The presented @sults
volve some amount of tuning of the model in order to match theeHL friction are therefore a true representation of the euitrr
experimental results. In reftlue prediction this cannot be done level of EHL friction prediction. This study also includeigher
since there are normally no experimental results to comipare entrainment speeds than previously published in this kiria-o
Instead, all three components occur independently frorh eacvestigation.
other:

e Primary measurement of lubricant transport properties.
2. Overall Methodology

» Prediction using measured transport properties as input

data together with operation and geometric data. _ _ _ _ _
The following sections cover the investigated cases, diclu

» Experimental validation ing running conditions and loads. It also contains infoliorat
about the lubricant and its transport properties, as wethas
Such an investigation is presented here. The three compoumerical model and the underlying boundary conditions and
nents in this work have been carried out at three differdmt la assumptions. Finally, the experimental equipment andispec
oratories. Initially the transport properties of squal§éadéow  mens are discussed together with the test procedure.



Table 1: Investigated conditions Vo

Temperature 40C Vo 1+ay(T—~Tr) 3)
Contact load 50 and 300 N R
Maximum hertzian pressure  1.07 and 1.94 GPa

" _ 41 _
Entrainment speed), 0.34t0 9.6 m/s whereK, = 11.74,3av N 8.36x10~ K , Koo = 8.658_ GPa
Slide to Roll Ratio, SRR 0.0002 to 0.49 and Bk = 6.33%10°K~* were obtained from experimental
measurements with a standard deviation of 0.05% [12].

2.1. Investigation Procedure 2.2.2. Viscosity

The numerical prediction and experimental measurements A thermodynamic scaling rule that has been found to be ac-
are performed using the same conditions reported in Table £urate for many organic liquids ig1 = f(TV9), where -3g is
SRR is defined as the speed difference divided by the medi¢lated to the exponent of the repulsive intermoleculaepot
entrainment speedle . All tests are performed with positive tial- A useful scaling parameter can therefore be written as
sliding only, which in this case means that the ball is rogti T v\ 9
faster than the disc. The investigation includes a comizinat b= (_> <_> (4)
of high entrainment speeds and contact pressures that to the TR/ \VR
authors knowledge has not been considered in any similar pre An accurate scaling function can be obtained from a Vogel

vious studies. like form:

Both numerical predictions and experiments were performed
with the same lubricant, squalane, a commercially avail- h= pooexp( Br ¢ ) (5)
able low molecular weight branched alkane (2,6,10,153:9,2 b — e

hexamethyltetracosane). An oil without additives was ehos o 9=3.9210,,=0.1743 B =24.50 andL,=0.9506x10*

0 minimize the effect_ of tribochemical reactions on thetidn Pas were obtained from experimental measurements with stan-
coefficient. As explained later the tests are conductedatepe . .4 qeviation of 14.9 % with respect to relative viscostg][

edly until a satisfactory repeatability is reached, andesithis For the shear dependence of viscosity, a t-T-p shifted @arre
could take a different amount of cycles for different testes equation is used:

a lubricant containing additives could be in different esgf
tribofilm development. At the test temperature of 40, the
ambient viscosity of squalane is 15 mPas and the pressure vis n(y,p) =
cosity coefficient is 1&Pa 1 [12]. The following section gives

a more in depth view of the lubricant parameters used in the nu
merical model.

(n—1)/2

2
14 (wﬁl@) 6)

IR TRVR

wherepr=15.6 mPss, yr=2.26x10° s, and n=0.463 were
obtained from Non-Equilibrium Molecular Dynamics and ex-
perimental measurements [13].
The limiting shear stress was shown to depend on pressure
The transport properties used for the numerical model & thias:
study are obtained from several earlier studies on squakane
brief overview of the models derived from these studiesvsigi T=Ap (7
here. Further information about the measurements for thetef
of pressure, temperature and shear on viscosity is fourefin r
erences: [4, 12, 13].

2.2. Lubricant transport properties

where/A=0.075 was found from EHL traction experiments
and is assumed to be independent of temperature [4].

2.2.3. Thermal properties

2.2.1. Equation of sta_tg ) ) ) The thermal conductivity and volumetric heat capacity of
A temperature modified version of the Tait equation of Statesqualane is expressed as:

is used to model the temperature and pressure dependence of
volume for Squalane. The Tait equation is written for the vol k—=Ck~S (8)
ume relative to the volume at ambient pressure,

with
V 1 P ’
—=1- ,In 1+—(1+K0)] (1) vV T v \¢
Vo 1+K [ Ko = — — ) (=
o SO
with And
Ko = Kooexp(—BkT) (2) Cv = pcp = Co + X (10)
The volume at ambient pressure relative to the ambient pres- with
sure volume at the reference temperatiiggis assumed to vary T VAN
with temperature as: BAGTYANA (11)



. , . . to about 60 HRC. Additional material parameters also used in
Table 2: Specimen material properties

Material 52100 (AIST) the numerical model are found in Table 2. The surface rough-
Young's modulus (Pa) 2100 ness, RMS, has been measured to about 25 nm for the balls,
Poisson’s coefficient 0.3 and 35 nm for the disc, which gives a combined roughness of
fﬁzrcrf]';rliitdiiﬂsﬁ;y(%ﬁgg) 43765 approximately 43 nm. The surface roughness measurements
Thermal diffusivity (i /s) 13.6x10°5 have been conducted in a Wyko NT1100 optical profilometer
Density (kg/n?) 7850 system from Veeco. The measurements were performed using

10x magnification and 1x field of view.

where G=0.074 W/mK, s=4.5,Cp=0.94x16 J/m*K and 5 4 5 Test procedure
m=0.62x16 J/m?.K were obtained from experimental mea-

‘s The th | . 4 by Ove A The ball on disc test device is used to generate friction data
surements. -The thermal properties were measured by UVe Agom a relatively broad range of operating conditions witere
dersson at Umea University.

test cycle covers entrainment speeds between 0.34 to 9.6 m/s
and slide to roll ratios (SRR) from 0.0002 to 0.49. Both ball
and disc specimens were cleaned with heptane and ethyldlcoh
The numerical model employed in this work was describedefore starting the experiments for each of the test cases. B
in detail in [8, 9, 14]. In this section, only the main featsigd  fore starting the experiments for each test case, the testele
this model are recalled. The model is based on a finite elemeig warmed up to the desired operating temperature during ap-
fully coupled resolution of the EHD equations: Reynolds; li proximately 60 minutes with oil circulation over both bafich
ear elasticity and load balance equations. The latter dvedo disc to ensure temperature stability. When thermal stghdi
simultaneously providing robust and fast converging sohs. ~ reached a 50 or 300 N load, equivalentto 1.07 or 1.94 GPa max-
The generalized Reynolds equation [15] is used to account famum Hertzian pressure is applied and the machine is cédiira
the shear dependence of the lubricant. Special formuktiom for pure rolling by adjusting spindle angle and positionofg
introduced in order to stabilize the solution of Reynoldeaq the ball to ensure a condition of no spinning. These settings
tion at high loads. The temperature distribution in the aont are then held constant for 20 minutes to ensure a mild run-in.
is obtained by solving the 3D energy equation in the lubticanSubsequently the test cycle is started that contains déveps
film and solid bodies. The model incorporates the variatafns where SRR is held constant for each loop and the entrainment
the lubricant’s thermal properties with pressure and teatpee ~ speed is ramped from 9.6 to 0.34 m/s. In the first loop the SRR
throughout the contact. Then an iterative procedure isiegpl is held at 0.0002 and is then continuously increased with eac
between the respective solutions of the EHD and thermal-prodoop until it reaches 0.49. The same test cycle is repeattgkin
lems as described in [8, 14]. During the iterative proceduresame track for both ball and disc until the absolute friction
every time the shear stresss evaluated (using viscosity data efficient for each measured combination of entrainmentgpee
provided by a combination of the Carreau and Vogel-like mod-and SRR does not differ more than 0.001 from the previous test
els) it is either truncated tm _if it exceedst, or, otherwise, itis  cycle, excluding SRR below 0.0016 where the accuracy of the

2.3. Numerical model

kept unchanged. machine is slightly lower. When this occurs, the system i co
sidered run in, and the data from the final test cycle is used fo
2.4. Ball on disc tribotester evaluation. The temperature of the oil bulk and fluid film & th

The experiments were carried out with a Wedeven Associate%ISC surface is typically deviating less than1.5°C from the

Machine (WAM) 11, ball on disc test device. The lubricant Istarget temperature of 4@ du_rmg testing. The ac_tual contact
. o o . temperatures are however higher than the bulk oil temperatu
supplied at the center of the disc in an oil dispenser that dis o ,
) . . . : In the most severe cases with high entrainment speed, SRR and
tributes the lubricant across the disc surface. Lubricaueiri coefficient of friction (COF), the contact temperature vk
culated in a closed loop from the oil bath, through a hose pum ' P

to the oil dispenser at the center of the disc. The hose pum%r%aste Sffvriral tegioftd.egrees [14]'d el d a trianal
is delivering approximately 180 ml/min. Three thermocaspl ata from each test 1S processed separalely, and a triangie

are used in the test setup, one located in the oil bath, orein t based linear inftgrpolation Is used bgtween the data poies m
outlet of the oil supply and one trailing in the oil film close t sured for specific SRR S and entrainment speeds. T_he_ results
the inlet region of the ball on disc contact. A more thorough d are presented as 3D friction maps, that are discussed ihideta

scription of the test rig and its features is presented iniptes previous work [16].
work [16].
3. Resultsand discussion

2.4.1. Test specimens

All specimens used in the tests (balls and discs) are made In this section, the results from both experiments and nu-
from AISI 52100 bearing steel. The balls are grade 20 with anerical simulations are presented. The results includédrni
13/16 inch (20.637 mm) outer diameter and a hardness of aboabefficient measurements and calculations, film thicknass ¢
60 HRC. The discs have a 4 inch (101.6 mm) outer diameter, aulations and comparisons in percentage of the differeree b
circumferential grind (before polish) and are through leaeti  tween experiments and numerical calculations. It also show

4
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the calculated power generated from friction in the simofet ~ combinations of speeds and SRRs, possibly with the exaeptio
for both pressures. The results from the calculations aad thof the lowest speeds. The calculated minimum film thickness
experiments can be seen in Fig. 1 where Figs. 1(a) and 1(lipr the lowest tested speeds at 1.07 GPa is in the range 00 35-4
are from calculations, and Figs. 1(c) and 1(d) are from axper nm, as seenin Fig. 4, in comparison with a combined roughness
ments. (RMS) for the contacting surfaces of about 43 nm. The possi-
Figure 2 shows the difference between the experiment ankbility for slightly smoother surfaces after running in, withe
calculation in percent for the test performed at 1.07 GPd, ancombination of surface amplitude reduction [17, 18] maksis f
the difference for the 1.94 GPa test is shown in Fig. 3. A posfilm lubrication possible. For the test performed at the kigh
itive number in those figures indicates that the predicted cocontact pressure, 1.94 GPa, it is more likely that aspentsri
efficient of friction is higher than the experimentally oioied  actions occurs at the lowest speeds, even consideringtgiimi
value, whereas a negative number indicates that the peedict effects and amplitude reduction. The calculated minimum fil
friction coefficient is lower than the experimentally olntadl  thickness for the higher pressure case can be seen in Fig. 5.
value. The calculated minimum film thickness for the 1.07 and
1.94 GPa cases for the entire region of the tests are shown §12. Friction
Figs. 4 and 5. Figs. 6 and 7 show the generated power from fric-

tion in the experiments for the 1.07 and 1.94 GPa cases respec As discussed in previous work [16] the friction maps could
tively. The friction power is calculated agé — i U SRR L be divided into several different regimes where frictiogos/-

. — e . B N .
Wherey is the coefficient of frictionUe is the mean entrain- erned and influenced by different factors. Recent work an fri

ment speed and is the applied load. The loads are 50 and 300tion regimes in quantitativ_e EHL [11] has led _tg more dethile
N respectively. knqwled_ge abqut the regimes, and the addition of one more
regime is also included in the present work. The regions can
be seen in Fig. 8, which results from a measurement conducted
at the same conditions as Fig. 1(d) but with rougher surfaces
The minimum film thickness values presented in Figs. 4 andor a more pronounced mixed lubrication region.
5 are taken from the numerical calculations. It is worth mgti In the linear region, shear stress is proportional to shegar r
that the film thickness, especially for the lower pressuseca and will thus lead to a linear increase in friction. This lin-
Figure 4 are almost independent of SRR. The increased tenear relationship is only seen at low SRRs, and the upper limit
perature in the inlet of the contact with increasing entrant  (in SRR) becomes even lower with increasing pressures as the
speeds and SRRs are not substantial enough to considarably shear stress increases faster with shear rate at highsupess
fluence the film thickness. For the higher pressure case, Fignd at lower entainment speeds.
5 the effect of increasing entrainment speed and SRRs on film The non-linear region is influenced by shear thinning and
thickness is larger, which is not surprising considerirgdif-  dominated by the growth of a limiting stress region. The shea
ference in friction power, see Figs. 6 and 7. However, everstress will no longer increase proportional to shear ratill
here the effect on film thickness is small. The effect of thedrm rather increase at a reduced rate until limiting shear steest-
heating on friction is of much greater importance and will betained over much of the contact. Then, shear stress becomes
discussed later. independent of shear rate. However, if one keeps on increas-
Most likely the measurement performed at the lower contacing the sliding speed, thermal effects eventually domitiage
pressure, 1.07 GPa, Fig 1(c), is in the full film regime at allfrictional response overwhelming other effects includingjt-

6
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lubrication effects are however not included in the nunaric
0.45¢ 1 model, and could therefore be part of the difference beteen
0.4} numerical prediction and the experimental results at thesb
0.35 entrainment speeds, as discussed in previous section.
At lower entrainment speeds, up to about 2 m/s the predic-
0.3 tions are in general not far of, the deviation is typicallydve
% 0.25f 10 % and in line with previous comparisons at these entrain-
0.2k ment speeds [9]. At higher speeds the coefficient of friction
constantly overestimated by the numerical model, and gdiger
0.15¢ more so at higher SRRs. When looking at absolute values, and
0.1f the difference between the numerical calculations and xhe e
0.05} periment as presented in Figs. 2 and 3 it is clear that the mode
‘ ‘ ‘ ‘ does not accurately predict all parts of the tested regiotiai
2 4 6 8 some of the boundary conditions in the numerical model does
Entrainment speed [m/s] not fit the experiment.

One of the most striking differences between the predistion
and the experiments are the plateu regime in the predigtions
Figs. 1(a) and 1(b) where the coefficient of friction is altnos

ing shear stress which is no longer reached. As a consequené&@nstant at a high level over a wide range of entrainmentispee
friction starts decreasing with increasing SRR due to coi  @nd SRRs. Such behavior is not as distinct in the experiments
thermal and shear-thinning effects. This regime has besmid Figs. 1(c) and 1(d) where instead the friction coefficiemtpd
tified as the Thermoviscous regime. faster with an increase in entrainment speeds and SRRs.

In the boundary between the mixed lubrication regime and By looking at the difference in % between the predictions
the Thermoviscous regime lies the Plateau regime. Hex, fri and the experiments in Figs. 2 and 3 it is clear that the levels
tion reaches an asymptotic value and shows little variatidn ~ of difference are situated in the same manner as the levels of
cating that the frictional response of the contact is gosdipy  friction power in Figs. 6 and 7. It is therefore likely thateoaf
the limiting shear stress behavior of the lubricant. the main reasons for the deviation between the predictidn an

The last region is the mixed lubrication region where asperthe experiments are found in how the model handles thermal ef
ity contacts occur between the surfaces, and the coeffiofent fects and/or some thermal behavior in the test rig and spm
friction is therefore a combination of hydrodynamic effeand ~ that are not matched in the boundary conditions in the numer-
asperity interaction. ical model. It should however be pointed out that the biggest

By looking at the overview of the four cases in Figure 1 it is discrepancies does not occur at the highest entrainmeedispe
clear that the numerical model manages to capture the dver@nd SRRs, but rather in connection to the plateau regime.
frictional behavior such as the linear increase in frictwith The numerical modelis using bulk temperature as a boundary
shear rate at low SRR, the non linear increase in frictioditea ~ condition for the inlet temperature of the lubricant andesadly
to the limiting shear stress and the reduction of frictiohigher  state condition is calculated for the specific running cbods
entrainment speeds and SRRs due to thermal effects. Mixg@ntrainment speed and SRR.) Any global effects on the spec-

7

Figure 7: Friction power [W], 40C, 1.94 GPa



imen temperature are therefore not taken into accountewhilln absolute values the numerical results were found to be re-
in the experiment it is possible that especially the balfeze  markably good considering the true prediction approach. At
temperature is increasing during the test. As a specific runew entrainment speeds the deviations between the nurherica
ning condition is measured in the test rig it takes a few sdson prediction and the experimental results are in generalthess

for the machine to adjust rotational speeds of both spea@merl0 %, while increasing at higher entrainment speeds and SRRs
to achieve the correct entrainment speed and SRR. Some addike authors believe that to achieve even better precisitimein

tional time is also required for the data capture processs It predictions there is a need to refine the assessment of the lim

possible that during this time, the specimens are heatedodue iting shear stress of the lubricant, including the effecterh-

the friction generated in the contact, and therefore thedaht
temperature will be slightly higher in the inlet and cennex

perature. In addition may it be necessary to refine the baynda
conditions in the model to account for global effects on temp

gion of the contact compared to the numerical model. Lookingature.

at the friction power for the low pressure, 1.07 GPa casegdn Fi
6, there is a maximum of 7 W. For the high pressure, 1.94 GPa

case in Fig. 7, with a maximum friction power of 55 W, this is Acknowledgement

more likely to have an effect on the results, and may be the rea
son why the deviation in general is slightly larger for thgher
pressure case at higher sliding speeds. If the reasoning abo
the cause for the largest part of the deviations, it is ndicsent
to consider an ideal circular contact. Rather must the effec
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experimental results and the predictions are due to shortco
ings in the rheology models used in the study.

As previously discussed, recent research [11] suggests tha
it is not possible to accurately estimate the limiting shear 1
stress coefficient from EHL friction measurements, sin@ash
thinning was found to affect the friction coefficient evenemh
the limiting shear stress is reached in parts of the contact.

Moreover is the limiting shear stress in the numerical model 3]
used in this work assumed to be only depending on pressure. It
has been shown earlier in measurements that temperature had
an influence on the limiting shear stress [19]. It is reastatab
believe that this is one of the reasons why the plateu regime i [5]
more pronounced in the numerical predictions. With theuncl
sion of the temperature dependence of limiting shear sthess

(2]

e - 6
plateu would probably level off with increased sliding doeat g
reduction in limiting shear stress before thermal effe@gsto
dominate the friction behavior. [7]

Finally, even rather small deviations in the Carreau equati
and Vogel like function will have a substantial impact on the

resulting friction coefficient. [8]

4. Conclusion
) o R
In this paper the results from a true friction prediction in-

vestigation are shown. The transport properties for thel flui
squalane was measured at one laboratory, and was latertused a
a second laboratory to predict friction in a numerical mddel  [10]
a circular EHL contact. Finally the same parameters werd use
for friction measurements in a ball on disc machine in a third!
laboratory. The investigated conditions includes a cotatam
of higher entrainment speeds and pressures than previisly [12]
ported in this kind of investigation. No tuning of the lukait
properties, model and test setup was applied. [13]
The predictions were found to capture the main features of
the friction behavior at different entrainment speeds aRRS
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