FACULDADE DE ENGENHARIA DA UNIVERSIDADE DO PORTO

On the relationship between friction
and film parameters in EHL contacts

Pedro Daniel Freitas Rebolo

[ PORTO

FEU FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO

Master’s in Mechanical Engineering

Supervisor: Carlos Miguel da Costa Gomes Fernandes

Co-Supervisor: David Emanuel Pimentel Gongalves

October 28, 2022






On the relationship between friction and film parameters
in EHL contacts

Pedro Daniel Freitas Rebolo

Master’s in Mechanical Engineering

October 28, 2022






Abstract

The knowledge of film parameters is important to understand the lubrication regime that a
certain machine element operates. Various types of film parameters have been proposed to find the
regime in which a machine element operates. Of course, with this parameters a relationship with
the friction present in the machine element can be established.

In this dissertation, a literature review on Elastohydrodynamic lubrication was first performed.
This review included a brief look at the film thickness equations proposed throughout the years,
a short look at the different types of surface roughness, a look at the different film parameters as
well as how they are calculated. Finally the literature review ends with a brief explanation of the
theory behind the friction in EHL contacts, as well as theoretical equations to obtain the friction
in a mixed lubrication regime condition.

Experiments to evaluate the film thickness and the friction coefficients were performed using
two different types of lubricant oils, with the properties of two lubricants having been analysed. All
of these experiments were made by using the PCS Instruments EHD2 Ultra Thin film Measurement
System, on a ball-disc contact geometry.

For the film thickness experiments it was used two discs, one made from glass and another
made of sapphire. For the friction coefficients experiments the surface roughness of the three
steel discs used, as well as the steel balls, was first obtained. Afterwards, a series of experiments
between the steel discs and steel balls were performed in order to obtain the friction coefficients.
The experimental film thickness were compared with theoretical results using the film thickness
equations, to understand if there was a significant difference in results. The same was done in
regard to the friction coefficient experiments.

Finally, a value for the boundary film regime using the Larsson film parameter was proposed
by analysing the friction coefficients while using the steel disc and steel ball with the roughest
surface, it was possible to determine a value for the boundary film regime for the Larsson film pa-
rameter, the value that was proposed was of 0.1. Afterwards, three equations for & are proposed by
modifying the previous & equations using a minimum squares method. These obtained equations
were then compared with the experimental results.

It was possible to see that the Diab film parameter produce, in general, the worst friction
coefficient predictions, the Doleschel and Matsumoto film parameters were clearly superior.

Keywords: Tallian, Doleschel, Larsson, EHL Regime, Friction Coefficients, Film Thick-
nesses, Dowson, Surface Roughness
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Chapter 1

Introduction

Machine elements like gears or rolling bearings operate in an elastohydrodynamic lubrication in
three different types of film regimes: the boundary, the mixed film and the full film. In order to
determine the type of lubrication regime a machine element operates, the film thickness of the
lubricant and the surface roughness of the machine element needs to be known. By knowing this
two parameters it’s possible to determine a specific film parameter (A) that correlates both of these
parameters. It’s also possible to correlate this specific film parameter with a load sharing function
(&) in order to have a prediction for coefficients of friction in a mixed film regime.

In this work, three well known specific film parameters will be used, Diab, Doleschel and
Matsumoto film parameters, plus a new film parameter that was proposed recently by Larsson.

Experiments will be conducted with two types of lubricants as well with different types of

discs in order to guarantee that the three types of film regimes are analysed.

Load Sharing
Function

. _ Specific Film
Film Thickness Parameter

Surface Roughness A

§

Figure 1.1: Precedure



1.1

Introduction

Objectives

The main objective was to analyse and compare the existing relationship between the existing film

parameters and the friction coefficients with experimental results to observe which film parameter

delivered better results in terms of predicting the friction coefficient. Another objective of this

dissertation was to analyse the new film parameter proposed by Hansen, Bjorling and Larsson,

in order to get a A value for the boundary film regime as well as to propose an equation for the

friction coefficients predictions in a mixed film lubrication.

For this, the following aspects were attend to:

1.2

Analyse the film thicknesses equations
Understand the surface roughness parameters

Study the known specific film parameters equations and their respective load sharing func-

tion (&)

Compare the frictions coefficient predictions for each type of load sharing function (§) and

compare it to the experimental friction results

Dissertation Structure

This document has the following structure:

Chapter 2 - State of the Art: A literature review was done on a number of topics, including
a look into the film thickness equations throughout the years in line contacts and in point
contacts, a review about the numerous surface roughness parameters and a look over the
specific film parameters. There is also a review on the friction coefficients in elastohydro-
dynamic lubrication and how to predict this coefficient of friction values in a mixed film

lubrication regime.

Chapter 3 - Experimental Work: An explanation about the experimental work done is in
this chapter. A flowchart of how the experiments are conducted for the film thickness and for
the coefficients of friction is depicted. A brief summary of the different surface roughness
parameters measured for the steel discs and steel balls used in the experiments is shown.
The lubricant properties of a PAO ISO VG 150 and a TOTM lubricants are shown as well

as the experimental procedure.

Chapter 4 - Film Thickness Results: In this chapter the results for the film thickness is
shown. The film thickness measurements are compared with the theoretical equations and
a brief discussion is then followed about the behaviour of the film thickness when different

experimental parameters are changed in the experiments.



1.2 Dissertation Structure 3

Chapter 5 - Coefficients of Friction Results: In this chapter the results for the coefficients
of friction is shown. These coefficients of friction are compared with theoretical predictions

and a brief discussion is then followed.

Chapter 6 - Larsson film parameter: In this chapter the Larsson film parameter is stud-
ied and a value for the boundary film regime is proposed. An analysis of the predicted

coefficients of friction while using the Larsson film parameter is made.

Chapter 7 - Conclusions and Future Work: The conclusions made with this work are
presented and future works are suggest in order to improve and to validate the work done in

this dissertation.
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Chapter 2

State of the art

2.1 Elastohydrodynamic lubrication

In the 1880s, the understanding of fluid film lubrication was established by experimental and
theoretical studies [1].

Experimental investigations made in 1883 indicated, from the evidence of pressure and mea-
sured friction torques, that a coherent film of lubricant separated the bearing surfaces. Thus the
friction and the load carrying capacity was determined by the laws of hydrodynamics, instead of
the behaviour between rubbing solid surfaces [2, 3].

Following these experiments, Osborne Reynolds concluded that the flow of lubricant in the
clearance space would be governed by the laws of slow viscous flow. He then derived his classical
Reynolds equation for tribology [4].

Following the developments made in the 1880s, advanced progress was made in the analy-
sis and experimental study of the phenomena of fluid film lubrication. However, this newfound
knowledge seemed to be inadequate, since it couldn’t clarify the mechanism of lubrication that
was responsible for the effective operation of gears or in other types of machine elements. It was
this that led to the development of the concept of elastohydrodynamic lubrication, where the gen-
eral form could be applied in any machine element although it has it’s beginnings in the study on
basic mechanism of gear lubrication [1, 5].

So, elastohydrodynamic lubrication can be defined as the study of lubricating films between
elastic deformable solids and it has a vast range of applications. At one end it covers highly
stressed machine elements and in the other is concerned with the performance of soft rubber seals

and event human joints [5].

2.2 Film thickness in line contacts

2.2.1 Martin

Martin solved the Reynolds equation considering two parallel rigid circular cylinders lubricated

by an isoviscous fluid. He also considered a geometrically equivalent cylinder (paraboloid) near a
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plane, enabling to write the film thickness equation in (2.1) [1, 6, 7].

b he 1
However, Martin’s analysis fails to explain the lubrication of gear teeth in terms of hydro-
dynamic lubrication because the film thicknesses obtained by equation (2.1) considering realistic

working conditions was only about 0.1 um [1, 6].

2.2.2 Ertel-Gubrin

Following the analysis made by Martin, it was recognised that the hydrodynamic analysis should
be associated with the elastically deformed shape of the conjunctions between loaded gear teeth.

The predicted film thickness when considering this complication increased dramatically [6].

The major breakthrough was effected by Ertel and reported by Gubrin, where he assumed that
the solids would retain the shape of an Hertzian dry contact, but that they would be separated by a

thin, uniform layer of lubricant. The proposed equation can be found in (2.2).

1/11 2.2)

;=

%C 1.95.U%1. G811 .w,

2.2.3 Dowson-Higginson and Dowson-Toyoda

Attempts were made to reach full numerical solutions that satisfied both the elasticity and the
Reynolds equation. Petrusevich numerical solution consisted in keeping a constant load and vary-
ing the speed. This solution was in agreement with fundamental EHL theory, including a constant

film thickness and pressure distribution similar to that of the Hertzian distribution [1, 6, 8, 9].

Dowson and Higginson presented a numerical solution, equation (2.3), where they used an

inverse solution method rather than a straightforward iterative problem [1, 6, 9].

% —16.U°7.G06. 013 (2.3)

This equation was later revised by Dowson to:
P

o =2:65-UT GO w O 2.4)

A central film thickness solution for line loads was presented by Dowson and Toyoda in the

following form [10]:
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he -
o = 306U GR0. w0 (2.5)

2.3 Film thickness in point contacts

Contrary to line contacts, numerical solutions for point contacts didn’t appear until much later on.
This could be attributed to the lack of adequate computing power [6].
Hamrock and Dowson considered other effects, such contact ellipticity and lubricant starvation

in the previous work made by Dowson and Higginson. The numerical solutions that were reached
are the following [9, 11]:

hm _ _

: 3.63- 170.68 . G0.49 W 0.073 | (1 exp 0.68k) (26)
hc _ _

’ 269 . l(0.67 . GO.53 . W 0.067 . (1 061 exp 0.73k> (27)

The parameter & is the ellipticity parameter that can be expressed as k = 1.03- (R} / R.)?/7,

2.4 Surface roughness

The surface of a machine element, although in some cases may appear smooth, presents texture
that we call roughness. These surfaces can be anisotropic or isotropic. An anisotropic surface
presents a periodic configuration of surface roughness and an isotropic surface presents a random

configuration of roughness, as it can been seen in Figures 2.1 and 2.2 [12].

Figure 2.1: An anisotropic surface [12]
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Figure 2.2: An isotropic surface [12]

First, in order to retrieve the roughness parameters used in the film parameters (section 2.5),
a filter must be applied to the surface, separating the surfaces into two profiles. The first profile
obtained is the waviness profile while the second is the roughness profile.

For this, a cut-off filter, A., is used. This parameter is what determines what is waviness and
what is roughness. This cut-off length should be at least 2.5 times the peak-to-peak spacing of
the profile roughness. However, if the surface is anisotropic, the cut-off length should be selected
using Table 2.1 [12].

Table 2.1: Selection of cut-off length according to DIN 4768

Cut-off Peak spacing of Measured roughness R /
A/ mm periodic profiles mm Ra/ um (b)) F M
0.08 < 0.032 - -

0.25 0.032-0.1 < 0.1 <0.5

0.8 0.1-0.32 0.1-2 0.5-10

2.5 0.32-1 2-10 10-30

8 > 1 > 10 > 30

2.4.1 Roughness parameters

In order to obtain the roughness parameters the surface must be analysed. The profile is assessed
over a length equal to five times the cut-off length, although the total traverse length is six times
the cut-off length, as it can be seen in Table 2.2 [12].

2.4.1.1 Average roughness R,

R, is the average deviation from the mean line of the profile over the assessment length. This

parameter is determined by the following formula [12, 13]:
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Table 2.2: Relationship between cut-off and traverse length

Cut-off (A.) (mm) Traverse length L, (mm)

0.08 0.48
0.25 1.5
0.8 4.8
2.5 15.0
8.0 48.0
1 [lm
Ro=- [ bldx 2.8)

The average roughness parameter does not differentiate between peaks and valleys. This
means that profiles in which there exists a significant difference between the peaks and valleys

and other profiles where such difference is not as pronounced can have the same value of R,, as
seen in Figure 2.4.

Figure 2.3: Derivation of the parameter R, [12]

Figure 2.4: Different profiles with the same value of R, [12]
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2.4.1.2 Root-mean-square (RMS) profile height R,

The RMS parameter is the square root of the deviation of the profile from the mean line. It can be

determined by using the following formula [12, 13]:

[1
R, = E/O y%(x)dx (2.9)

Unlike the average roughness, R,, this parameter is more sensitive to peaks and valleys.

2.4.1.3 Mean peak-to-valley height R p;y)

This parameter is determined by dividing the filtered profile into 5 equal lengths, each one nom-
inally equal to the cut-off length, as seen in figure 2.5. Within each cut-off length, the maximum
peak-to-valley height is determined, z;. The parameter R (pyy) is determined by equation (2.10)
[12]:

5
&Wm:gzﬁ (2.10)

Figure 2.5: Derivation of the parameter R pyy) [12]

Because maximum profile heights are being examined and not averages, R (py) is generally

more sensitive to changes in surface finish than R,,.

24.1.4 Ten point height R_ ;50

This parameter is analogue to the roughness parameter R;pn). R;so) is the average distance
between the 5 highest peaks and 5 deepest valleys, as it can be seen in Figure 2.6. This roughness

parameter is determined by [12, 13]:
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1 5 5
Re150) = 3 ():msz) .11
i=1 i=1
p1 p2 p3 P4 p5

Figure 2.6: Derivation of the parameter R, ;50) [12]
Unlike the mean peak-to-valley height, the five peaks and valleys used to determine R, (;50)
can be located anywhere along the assessment length.
2.4.2 Hybrid parameters

The material ratio is calculated at different depths through the profile and is expressed graphically
as a continuous curve. This resulting curve is called the material ratio curve, or Abbott-Firestone

curve, Figure 2.7 [12].

o
e
S S

Figure 2.7: Derivation of the material ratio curve [12]

The zero percent or reference line of the Abbott-Firestone curve is located at the top of the
highest peak of the evaluated profile. The result of the material ratio curve is significantly influ-

enced by the height of the highest peak. Realistically though, a single peak has little significance
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on the surface’s function. To avoid the dependence of this curve on a single peak, a reference line
is selected to shift the reference line below the highest profile peak. This reference line is specified
as a percentage of the material ratio. Specifying a 3% reference line indicates that the top 3% of

the profile are not included in the material ratio calculation [12].

Figure 2.8: Material ratio curve showing 3% reference line [12]

2.4.2.1 Core roughness depth, Reduced peak height, Reduced valley depth, Peak material
ratio, Valley material ratio Ry, R i, R, M1, M,

The material ratio curve is approximated by straight lines that divides it into three parts. These
three parts describe the peaks, valleys and core roughness of the surface [12].

The first step in the calculation of the parameters is to find the point of minimum slope on the
"S" shaped material ratio curve. Two points are then taken on the material ratio curve, these points
are labelled A and B. A and B are separated by 40% on the horizontal axis. The turning point is
located by shifting points A and B until the vertical distance between them is minimum. Having a
separation of 40% between them ensures that the major turning point is found in curves with more
than one turning point [12].

A line is projected through the points A and B to the 0% and 100% material ratio lines. With
these points being labelled C and D. The vertical distance between C and D is the core roughness
depth, Ry.

Figure 2.9: Derivation of parameter Ry [12]
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The R, parameter is obtained as seen in Figure 2.10. The area that is situated under the
material ratio curve and above the roughness core is determined, and is designated as Az. R,
is the height of a triangle that has an area of A, and a base length of M,;. The parameter R, is

determined in a similar way at the lower end of the material ratio curve [12].

Figure 2.10: Derivation of parameter R, and R, [12]

2.4.3 Mean asperity radius

In order to know the mean asperity radius, we need to know first the radius of curvature for each
peak along the assessment length [14].

The radius of curvature for each peak can be calculated by:

Dri— i 4 — 7

pp= ML Z’lz‘ Sl (2.12)

Equation (2.12) considers the 3-point peak (3PP) criterion. With this criterion, the asperity

peak is defined as a point that is higher than its two adjacent peaks. However, only the asperity

peaks that are above the profile mean line are considered. This is because the contact of two rough

surfaces is expected to occur on the highest peaks, peaks that are certainly above the profile mean
line [15].

The mean peak radius of curvature can then be calculated by using the equation (2.13).

1 "2 1
r,,:n_zi):lf (2.13)

—1 T'pi

2.5 Specific film parameter

Lubrication is the tool that controls the friction between interacting surfaces. It has the effect of de-

creasing friction, making the lubricated mechanism more reliable [16]. Three lubrication regimes
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are distinguished for rolling and sliding contacts: boundary lubrication regime (BL), mixed lubri-
cation regime (ML) and the full film elastohydrodynamic lubrication regime (FF-EHL).

In order to relate the film thickness of the elastohydrodynamic lubricant contact with the sur-
face roughness of the bodies in contact, specific film parameters were proposed in which they have

the following general form:

Az film thickness (2.14)
surface roughness

This film parameter can indicate us the EHL regime in which the machine elements operates.

Figure 2.11: Boundary Figure 2.12: Mixed film Figure 2.13: Full film regime
regime [16] regime [16] [16]

2.5.1 Tallian

Tallian proposed his film parameter to analyse the failure in rolling contact mechanics. Tallian

proposed the following film parameter:

=

A= -5 (2.15)

o
Where o is given by ¢ = \/Rq% —i—Rq% and the A, is the central film thickness of the EHL
contact.
Tallian observed that a contact operating under a high Hertzian pressure can’t run along a thin
elastohydrodynamic film corresponding to A = 1. However, for values of A ~ 3, the wear rate is

about 100 times less and it’s negligible as a failure mode [18].

2.5.2 Tallian with correction (Diab)

Velex, Ville and Diab proposal for the film parameter came from the study of power loss in gears
due to tooth friction in gears.

This film parameter is very similar to the one proposed by Tallian, represented in equation
(2.15), however a thermal correction factor is added due to heating in the inlet. The proposed film

parameter is the following [19]:
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(PT 'hc

A 910 (2.16)
\/Rat + R
or = {1+0.1 (1+14.8v0%) L0617 @.17)
U +Us)?

k

2.5.3 Michaelis, Hohn and Doleschel

Michaelis, Hohn and Doleschel came up with a new film parameter when studying the lubricant
influence on gear efficiency. This new film parameter relates the film thickness proposed by Ertel-
Gubrin, that is present in equation (2.2), and the surface roughness parameter R, [20].

The parameter is as following:

A= (2.19)

2.5.4 Matsumoto

Matsumoto, like Michaelis, Hohn and Doleschel, proposed a new film parameter when studying
coefficient of friction in an attempt to minimise the power loss in transmission gears [21].
Matsumoto’s proposed parameter comes from his formulae for estimating the coefficient of

friction.

him

= — (2.20)
Rz1 +Rzp

The surface roughness parameter Rz is obtained by using the DIN method.

2.5.5 Hansen, Bjorling and Larsson

Hansen, Bjorling and Larsson developed a new film parameter for EHL elliptical contacts, with a
rough surface with anisotropic and isotropic structures. For this new film parameter, it was con-
sidered the classical equations from Dowson-Hamrock for elliptical contacts, present in equations
(2.6) and (2.7). This film parameter also depends from the surface roughness lay [22].

For simplicity, Larsson et al. [22] considered the idealised case where the non-Newtonian
effects and oil film perturbations are neglected. So in this case, the ball tangential speed is equal

to the disc speed u, = ug.
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The theoretical framework for the film parameter is depicted in Figure 2.14.

Ball Deformed asperity
Ug /
—_—
3
Za 1
he
- )
| a Mt "
/ T
! Uy [Y)
\ —_——
l—» X Undeformed asperity \
Y Ah <0

Figure 2.14: Schematic depicting the theoretical framework of the proposed film parameter

When the asperity enters in the contact inlet zone, a lubricant squeeze action allows the forma-
tion of a local micro-EHL film as the asperity deforms with a magnitude of §,. This phenomena
originates from the increase of the local pressure that causes an elastic deformation of the asperity
of z4 [22].

The criterion for a FF-EHL regime is when there isn’t contact interference Az > 0. The crite-

rion for a mixed lubrication regime is when there is contact interference, Ah < 0 [22].

The available space at contact outlet can be expressed as:

hn = Ah+z4 (2.21)

The deformed asperity height is given by z; = zo — 0,, S0 we can change it in the above

equation and rearrange the terms to obtain Ak [22]:

Ah = hy, — (20— 8,) (2.22)

It’s possible then to derive a film parameter that resembles the classical form, A = h,,/0,

considering:
Ah= (hy+8,) —z0=h"—20 (2.23)
FF-EHL occurs when A* — zg > 0 and ML occurs when h* — 7y < 0, so the new lambda parameter

A* is defined as [22]:

hn+8, _ 1 (2.24)
20 20 '

A*
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With this film parameter, the full-film elastohydrodynamic regime occurs when A* is greater
than 1. The mixed film lubrication occurs when A* is less than 1 [22].

The general expression for §,, that accounts for any asperity geometry [22]:
04
& _ (ua\" wa () (2.25)
hc up Rx b Wwp

The variable « is an elliptic parameter that can be expressed as:

1 — fyl X efyz[R;,a/R;.a:Im

]73

2.26
-y xe” [Ryb/R, (2.26)

The coefficients needed to solve equation (2.25) and (2.26) are present in Table 2.3 [22].

Table 2.3: Input variables for equation (2.25) and (2.26)

Case Surface roughness lay X a B "N v v
A Isotropic & transversal  0.67 1.134-X -0.068 0.61 0.75 2/n
B Longitudinal 0.68 1.146-X -0.073 1 1.23  2/3

Setting the speed and load terms in equation (2.25) as unitary (¢, = u;, and small ), it may be
realised that the curvature radii at micro and macro-scale contributes to the majority of micro-EHL
film generation [22].

Introducing a dimensionless variable of micro-EHL film generation, f,, based entirely on the

radii:

) (R 1—p xe /R
=% =\ ® | X T T (2.27)
f( ) x,b 1— »}/1 X e_YZ[ )xb/ x,b]
The micro-EHL film thickness is then given by:
0y = he X fy (2.28)
Changing the terms, A* will be given by:
At Tt e X o] (2.29)
<0

The following considerations are taken [22]:

e R= R;b = R;b for the ball-disc configuration
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* r =R, =R}, in the case of hemispherical roughness features.

* In the case where the surface roughness has a transversal lay to the entrainment speed,
the radii of the roughness features, r, is equal to the effective radius of the asperity in the
entrainment direction, r = R} ,. The asperity’s effective radius normal to the entrainment

direction is taken as the ball radius, R} , = R

* In the case where the surface roughness has a longitudinal lay to the entrainment speed, the
surface roughness radii is equal to the asperity’s effective radius normal to the entrainment
direction, r = R’W. The asperity’s effective radius normal to the entrainment direction is
taken as the ball radius, R} , = R

The asperity radii is determined by equation (2.30).

2
R, = Cilva (2.30)
x/y,a 8Za .

The model extension for real surface roughness considers the parameter Rpk, changing the

parameter zp in the equation, obtaining [22]:

_ hm+[hcqu]

A*
Rpk

(2.31)
For a composite surface peak, the value can be obtained with a simple sum: Rpk = Rpk; +
Rpk; [22].

2.6 Friction in elastohydrodynamic lubrication

A way to decrease the energy consumption and green house emissions is to increase the efficiency
of machine components. One of the ways to achieve this is to decrease the friction in the machine
components [23].

In the boundary lubrication regime, the velocity between the contacting surfaces is low and
the load is carried solely by the interacting asperities of the surfaces. In the mixed lubrication
regime, the load is carried by the asperities of the surfaces but also from the pressure generated in
the lubricant. In the full film elastohydrodynamic regime, the load is carried solely by the pressure
generated in the lubricant [16].

In order to study friction in elastohydrodynamic contacts, a constitutive equation that describes
the way the shear stress of a fluid film in elastohydrodynamic contact depends on parameters such
as pressure, temperature, strain rate and strain history is needed. There are two main approaches
to derive such equation. The first one is the analysis of friction measurements taken from elastohy-

drodynamic contact and extract the rheological expression that best explains these measurements.
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The second one is the high-stress viscometry, where a pressurised sample of an oil is sheared at

high applied strain rate in a well-defined geometry [23].

2.6.1 Rheology from elastohydrodynamic friction measurements

When the effect of the contact pressure on viscosity was taken into account, it was observed that the
friction in the EHL contacts were much lower than what was predicted by Newtonian behaviour.
This phenomena was studied by measurement of traction curves. Most authors in the beginning

interpreted their friction measurements in terms of a "mean effective viscosity" [23].

(2.32)

Research was made to understand why this mean effective viscosity was lower than the mean
Newtonian viscosity. With experiments, Crook found that the mean viscosity was approximately
equal to the Newtonian mean viscosity at low sliding speeds, but as the rolling speed increased the
mean viscosity was increasingly lower than the Newtonian value. He concluded that the effective
viscosity depended on the time of passage of the fluid through the contact and then proposed that
this represented a viscoelastic response of the lubricant. Crook also interpreted that because of
the shear heating of the oil film, the effective mean viscosity fell of greatly below the Newtonian
value at high sliding speeds [23, 24].

In experiments made by Smith, he proposed that levelling-out of friction at high sliding speeds
resulted from the lubricant film yielding at a critical shear stress, coupled by shear heating [25].

Later studies made noted similar pattern variation of friction with sliding speed as the research
made by Crook. The overall form of the friction versus strain rate curve could be explained
if viscous shear thinning according to Eyring viscosity model was assumed. However, a direct
comparison between the experimental values and prediction from this model weren’t made [23,
26].

It was proposed by Johnson and Tevaarwerk that the EHL friction was controlled by a combi-
nation of behaviours that they described as "nonlinear Maxwell". Equation (2.33) shows that the

strain rate originates from two components [27].

1det =, . T
V= ——+ —sinh | — 2.33

Equation (2.33) can be rearranged in case of stress versus strain rate form:

T = T,sinh™! <2” (7— é‘Z)) (2.34)
e P
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This equation shows how the elastic term reduces the shear stress in the contact by accom-
modating some of the applied strain. When the elastic term is negligible compared to the viscous

term, equations (2.33) and (2.34) can be reduced to:

T T
= "Zginh | — (2.35)
4 Np ( Te )
T=7,sinh~! <W> (2.36)
Te
For low shear stress, i.e., T << T,, equation (2.35) becomes y = s—; the fluid becomes Newto-

nian. When the shear stress exceeds 7., equation (2.36) becomes

T =1 In(y)+7In(2n,/7.) (2.37)

This model suggests that at low strain rates, fluids behave in a Newtonian way if they have low
viscosity or are at low pressure. However, in high-pressure contacts, the fluids show a viscoelastic
response. At all contact pressures, fluid shear becomes dominated by Eyring shear thinning as the
strain rate, and consequently the shear stress, is increased. This leads to a linear mean shear stress
versus log(strain rate) relationship at high sliding speeds, at least until contact heating prevails
[23, 27].

If the contact is assumed to operate at a constant pressure, and that the low shear rate viscosity

. . . . * .
is assumed to vary with pressure, according to the Barus equation 1, = 1nge® ”, we can arrive at:

T=1.(In(}) + T (m <2n0> + Oc*ﬁ) (2.38)

e

The rise in temperature will have a significant contribution to the EHL friction measurements.

Archard proposed the following equation to describe the temperature rise in a EHL contact [28]:

L _ 1 20\ _ he .
AT = ATigsn + ATt = ———45 <> TAu+ ~TAu (2.39)
(2nK;pc) Ue oil

The first term of the equation describes the mean flash temperature and the second describes
the additional oil film temperature rise. The flash temperature assumes that both solids are of the
same material and travel at an approximately the same speed with respect to the contact, but it
can be accommodated to different materials and speeds. In the second term of the equation, the
value of the denominator 8 is depends on where the heat is generated. The value 8 was derived
by Archard while assuming that the heat is generated evenly through the oil film thickness while

a value of 4 was obtained if all the heat is generated at the mid-plane [23].
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Equation (2.39) shows that the mean oil film temperature can rise very significantly at high
values of mean shear stress and sliding speed, especially when the film thickness is large. The
temperature increase in the oil film has a very strong effect on EHL friction at high strain rates and

is primarily responsible for the levelling out and decrease in friction seen in traction curves [23].

60 4
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Figure 2.15: Mean shear stress versus slide—roll ratio traction curves [22]

This problem was addressed by obtaining traction curves at various temperatures. By combin-
ing the results, based on film temperatures calculated using equation (2.39), then enable isothermal
traction curves to be constructed even within the "thermal" region [23, 29].

A similar approach was used by Evans and Johnson, they employed the values of AT from
equation (2.39) to adjust the bulk temperature and sliding speed during friction tests. The results
confirmed the nonlinear Maxwell model of equation (2.33) and also identified for two of the test
fluids used, a limiting shear stress, 7., at which the shear stress levelled out at high strain rate, sug-
gestive of plastic yield behaviour. This limiting shear stress increases linearly with mean pressure
of the lubricant film. Incorporating 7. into Johnson and Tavaarwerk’s model gives equation (2.40),

where A, describes the proportionality between 7. and mean pressure [23, 30, 31].

T — min ['ce sinh~! (Z” (y— é‘j;)) ,Aep} (2.40)

The main disadvantage of using EHL friction to determine fluid rheology is that the friction
measured is a composite value of shear stress integrated over a wide range of conditions within
the contact [23].

An approach to analyse EHL friction data is to assume that the whole film is at the mean
Hertz contact pressure, although, in practice, pressure varies greatly over an EHL contact and at
high loads and low speeds can be approximated to the Hertz pressure distribution. Equations are
provided by Hirst and Richmond when Hertz pressure distribution is valid. The mean shear stress
can be obtained by allowing 1, to vary with pressure over a contact, and for a point contact and
Eyring shear thinning this gives [23, 32]:
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_ F 2mt, b (MY
T:Z: s /0 rsinh Te dr (2.41)

When 7 > 1.57,, this becomes

_ F 2mnt, (b 21,7
_ AT [T (2 2.42
t w nbz/orn< T, >dr (242)

According to Hertz theory, for a point contact:

72
P = Pmax\| | — 2 (2.43)
Assuming this pressure distribution, the Barus viscosity-pressure equation and integrating equa-
tion (2.42) we obtain

T—1, (m(y) +1n ( 2"0> o 2% Prax ;’ ’"““‘) (2.44)

Since pumean = 2/3 * Pmax» €quation (2.44) is identical to equation (2.38).

2.6.2 Rheology from high-stress viscometers

Bair and Winer developed three high-pressure rheometers based on shear fluid between a moving
piston and a stator [33]. These rheometers were used to explore the elastic and viscous behaviour
of three base fluids. At high pressure and low temperature, up to about 50 °C above the glass
transition temperature, all the lubricants behaved as elastic solids until the initial application of
stress, with an apparent yield stress that increased with pressure, temperature and strain rate. It was
also showed that at higher temperature and lower pressure, all lubricants showed shear thinning
behaviour above a shear stress of approximately 10 MPa, tending towards a limiting shear stress
of 7;, that increases linearly with pressure and decreased with temperature. Equation (2.45) was
proposed based on an asymptotic shear thinning expression combined with a viscoelastic term
[23, 33].

T
1— > (2.45)
This equation can be rearranged in terms of shear stress as:

,"J(',Ldi>
T=1(1—e 2\" Cpd& (2.46)

Another method to study the lubricant rheology at high shear stresses was developed by
Ramesh and Clifton. The compression and shear waves transmitted from the impact of two flat
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plates separated by a thin film of lubricant were measured and from this, it was possible to monitor
the shear stress and strain of the film over a timescale of less than a millisecond. This approach,
however, couldn’t directly study the variation of shear stress with strain rate and applied only very

small amounts of shear [23, 34].

Bair and Winer developed a new high-pressure viscometer in order to reach controlled high
strain rates. This new viscometer addressed the problem of heating of the lubricant during shear
and the consequent reduction in effective reduction. The same pattern of shear stress versus strain
rate behaviour was found for the two fluids that were studied, as noted at higher pressures and
lower strain rates. By combining this data with some taken at very high pressures and low strain
rates, Bair and Winer suggested that the transition from Newtonian to plastic behaviour described
in equation (2.46) broadened was the pressure was increased. A modification to the equation was

proposed to accommodate this [23, 35, 36].

More changes were made to the viscometer to prevent significant temperature increase in the
cylinder due to the flash temperature effects in the cylinder walls. Bair also suggested the use of

the reduced Carreau-Yasuda equation:

npY

T= e (T (2.47)
(1= (%))
the coefficients a and n are constants.
Bair added a pressure-dependent, limiting shear stress to the Carreau-Yasuda model:
n,7 a1 (n—1)/a
T = min [ynp [1 + <TP> ] JAcp (2.48)
0

2.6.3 Friction in lubrication regimes
2.6.3.1 Friction force in elastohydrodynamic lubrication

The friction in this regime is caused by shearing the lubricant in the contact. The friction force is
obtained by integrating the shear stress over the contact area, by using the Eyring model, equation

(2.36), the friction force generated by the elastohydrodynamic is obtained by [16]:

FrenL = / /A T,sinh ™! (17%07> dA (2.49)
H e

This can be expressed as:

Fygnr = T,Apsinh™! <W> (2.50)

Te
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2.6.3.2 Friction force in boundary lubrication

The friction in this regime is caused by shearing the boundary layer between the contacting asper-

ities. Integrating 7. over the asperity contact area we obtain [16]:

N
Fa=Y [ | wdic 2.51)
=17 JAci

Considering that the friction force in the asperity contact to be of Coulomb type, 7c; = fc - pci,

with a constant value for the coefficient of friction fc, the friction force can be expressed as:

N
FyprL = ch//A pcidAci = fcFe (2.52)
i=1 Ci

where fc is determined experimentally [16].

Equation (2.52) gives us the value of the friction force for simple sliding contacts. Taking the
slip for the boundary lubrication, there is no theoretical model for rolling to sliding contacts. The

slip will be incorporated in the shear rate, this way the coefficient of friction will be [16]:

(2.53)

a2 (2550)

2 SRR,

where SRR, is a parameter that is determined experimentally that is a measure for the transition
from elastic to plastic behaviour of the boundary layer. So combining equations (2.52) and (2.53)

we have the expression for the friction force in the boundary lubrication regime [16]:

(2.54)

2 T SRR
FrpL= fCFCE tan™! < )

2 SRR,

2.6.3.3 Friction force in mixed lubrication regime

The friction force in the mixed lubrication regime is given by the sum of the friction force gener-
ated by the asperities in contact and the friction that is generated by the shearing of the lubricant
[16]:

Frymr = FrpL+FrErL (2.55)

Substituting equations (2.50) and (2.54) in (2.55), the coefficient of friction in the mixed lubrica-

tion regime will be given by [16]:

2. —1 SRR s —1 [ pY

y (2.56)

‘LL:
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2.7 Mixed film lubrication coefficient of friction prediction

As it was seen, the mixed lubrication regime can be given by equation (2.56), however, a simpler
equation can be obtained for the mixed lubrication regime. By writing equation (2.55) in terms of

traction, the following equation is obtained [37]:

T-Ag=Ts-Ag+Tr Ay (2.57)
_ As Ax
— .. 1= 2.
T="Te + 177 ( Ao) (2.58)
This results in:
_ 1 A A
— .. (1= 2.59
[T s [n Ao+rf < Ao)} (2.59)

By rewriting & = A, /Ao and introducing solid and fluid coefficient of friction, i and Uggy,

equation (2.59) can be rewritten as [37]:

==& wy+(1-8) Henr (2.60)

with £ being the load sharing.

2.7.1 Diab

The friction in the mixed film regime will be determined while using the equation (2.60). The &

variable is determined by using equation (2.61) [37].

E=erfc(A) (2.61)

2.7.2 Doleschel

While using the Doleschel film parameter, the friction in the mixed film regime can be determined
while using the same equation (2.60). However the £ variable is determined by the following

equation:

A 2
= <1 - 2) (2.62)
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2.7.3 Matsumoto

Using the Matsumoto film parameter, the friction in the mixed film regime can be determined

using the same equation (2.60). The variable & is determined by: [37]

£ =0.5-log,, (i) (2.63)

2.7.4 Experimental &

By rearranging equation (2.60), an experimental equation for & can be obtained:

op = 2RI (2.64)
My — HEHL



Chapter 3

Experimental Work

Three types of experiments were made, one to measure the surface roughness, one to measure the
film thickness and finally one to measure the coefficients of friction.

For the surface roughness measurements, the HOMMELWERKE equipment was used. For
each steel disc three measurements were made and an average of these three measurements was
performed to obtain the surface roughness parameters. These measurements were made by using
a diamond tipped instrument.

The experiments for the film thickness and coefficients of friction were performed using the

PCS Instruments EHD2 Ultra Thin Film Measurement System, as seen in figure 3.1.

Figure 3.1: PCS Instruments EHD2 Ultra Thin Film Measurement System

For these two experiments two lubricants were used. A PAO ISO VG 150 and an ester oil

denominated as Trioctyl Trimellitate, that for now on will be denominated as TOTM.
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This equipment performs two measurements for each experiment. The first measurement starts
recording the results from the highest rolling speed to the lowest rolling speed, while the second
measurement records the results from the lowest rolling speed to the highest rolling speed. The
highest rolling speed used was of 3000 mm/s and the lowest was 10 mm/s. The measurements
were made by using logarithmic intervals, with each measurement having 21 points.

The measurement of film thickness is done by a process of optical interferometry. The princi-
ple behind it is the following. A steel ball is loaded against a rotating spacer layer disc, the contact
that originates between the ball and disc is illuminated by a white light source that is directed
down a microscope through the disc on to the contact. The disc has a silica (SiO;) layer and a
Chromium (Cr) layer, so part of the light is reflected from the Cr layer and part travels through
the SiO; layer and fluid film and is reflected back from the steel ball. The two light paths are
recombined and an interference image is formed, which is passed into a spectrometer and a high-
resolution monochrome CCD camera. The camera image is captured by a video frame grabber
and analysed by the control software to determine the film thickness.

The film thickness is calculated by measuring the wavelength of the light returned from the

central plateau of the contact and hence calculating the central film thickness.

3.1 Film Thickness

For the film thickness experiments, two types of discs were used, a glass disc and a sapphire disc.
The experiments with the glass disc were made as depicted in the flowchart represented in

figure 3.2, a total of four experiments were made while using this type of disc.

e
/ \

£T=50°C/F=50 N/SRR=O%} {T=100°C/F=50 N/SRR=O%}

AN AN

{PAO ISO VGISOJ { TOTM } {PAO ISO VGlSO} { TOTM }

Figure 3.2: Flowchart of the experiments used to measure the film thickness in glass

More experiments were made for the sapphire disc than the glass disc. A total of ten exper-
iments were made while using the sapphire disc. The configurations of these experiments are
showed in figure 3.3. For simplification reasons, O1 is referencing the PAO ISO VG 150 lubricant
while O2 is referencing the TOTM lubricant.
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3.2 Coefficients of Friction

As said before, the coefficients of friction experiments were made while using the same two lubri-
cants. However, the discs used for these experiments were different from the ones used for the film
thickness experiments. Instead of glass and sapphire discs, three steel discs with different surface
roughness were used, denominated as Steel Disc 1, Steel Disc 2 and Steel Disc 3.

The experiments that were made while using each type of steel disc were made as depicted in

the flowchart represented in figure 3.4

{ Steel Disc }

{T=50°C/F=50N/SRR=O%} £T=50°C/F=50N/SRR=50%}£T=100°C/F=50N/SRR=O%}

Figure 3.4: Flowchart of the experiments used to measure the coefficients of friction

All of these experiments were made while using two balls with different surface roughness.

3.3 Elements used for the measurement of film thickness and coeffi-
cients of friction
In order to calculate the film thickness, the properties of the discs and ball used must be known.
For the measurement of the film thickness, two different discs were used, a glass disc and a

sapphire disc. The same steel ball was used for both experiments.

The next table shows the properties of these elements.

Table 3.1: Properties of elements used for the measurement of the film thickness

Element E / GPa 1% R,/ mm
Steel Ball 207 0.29 19.05
Glass Disc 75 0.22 o0

Sapphire Disc 675 0.29 oo

For the coefficients of friction experiments, three types of steel discs with different surface
roughness were used, as well of two types of steel balls with different surface roughness as well.

Table 3.2 shows the different types of surface roughness for each element used in the coeffi-
cient of friction experiments. It’s important to note that it wasn’t possible to measure the surface
roughness for the steel balls due to it’s curvature. Since the tabulated value of the steel balls were
the same as two of the steel discs (Steel Disc 1 and Steel Disc 3), the surface roughness values
obtained for these steel discs were used on the steel balls. All of the values were obtained using a

cut-off length of 0.8 mm for all discs.
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Table 3.2: Surface Roughness for the Elements

Element R,/ um R,/ um R,/ um Ry /um
Steel Disc 1 0.025 0.030 0.275 0.051
Steel Disc 2 0.074 0.101 0.665 0.049
Steel Disc 3 0.300 0.506 3.092 0.103
Steel Ball 1 0.025 0.030 0.275 0.051
Steel Ball 2 0.300 0.506 3.092 0.103

3.4 Lubricant Properties

In order to analyse the film thickness and the coefficients of friction, the lubricant properties must
be known.

3.4.1 Properties of the PAO ISO VG 150

To measure the viscosity of the PAO ISO VG 150 lubricant, the SV10 method was employed. This
method allowed to known the viscosity of the oil between the temperatures of 100°C and 40°C.
The following equation is then employed to obtain the corrected dynamic viscosity of the

lubricant:

_ Nexperimental * Pwater (3.1)

n
Plubricant

To kinematic viscosity of the lubricant is simply determined by dividing the dynamic viscosity

by the density of the lubricant, as shown in equation (3.2).

n
V=— (3.2)
P
The piezoviscosity coefficient was calculated according to Gold’s equation:
o =5-v'-107° 3.3)

Where s and ¢ are constants that are related to the type of lubricant used. This parameters are
showed in Table 3.3.

Table 3.3: Values of s and ¢

Lubricant K t
Mineral 9.9040 0.1390
PAO 7.3820 0.1335

ESTER 6.6050 0.1360
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Since this lubricant is a PAO, the values used in equation (3.3) will be s = 7.3820 and ¢t =
0.1335.
To calculate the thermoviscosity coefficient the standard ASTM D341 was employed. With

this standard, the thermoviscosity is calculated with the following equation:

m(v+a)
T v

B= In(v+a) (3.4)

The constants m and a are lubricant depended constants, in which a = 0.7 cSt. To determine

the constant m, equation (3.5) is employed.

log;(Vo+a)
logno | oeltint

T1+273
logy (To+273 )

Ty and vy are, respectively, the reference temperature of the lubricant at 40°C and the cinematic

3.5

nm =

viscosity of the oil at 40°C. T and v, are the temperature and kinematic viscosity of the lubricant
at 100°C.

Knowing that v = 146.96 cSt and v; = 18.85 ¢St and by using equation (3.5), the constant m
will be 2.9586.

The thermal conductivity of the lubricant is given by equation (3.6). It’s important to reference

that 7 in this equation is given in °C instead of K.

0.12
k_

Piubricant

T
. <1 —0.0005 - 3) * Pwater (3.6)

Having all the necessary properties defined, a summary of the properties values is depicted in
Table 3.4.

Table 3.4: Properties of PAO ISO VG 150

Density at 15°C, p/kg m—> 853.8
Dynamic viscosity at 50°C, n/Pa s 87.89-1073
Kinematic viscosity at 100°C, v/cSt 18.85
Piezoviscosity at 50°C, a*/Pa~! 1.3553-1078
Thermoviscosity at 50°C, /K~ 0.0421
Thermal conductivity at 50°C, k/ W/mK 0.1394

3.4.2 Properties of the TOTM

Unlike the PAO ISO VG 150 lubricant, the TOTM lubricant had already had its properties studies.
It also had equations to predict its properties that delivered similar values to the experimental

results. So experimental measurements weren’t made for this lubricant.
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To know the dynamic viscosity of the lubricant, equation (3.7) is employed.

B
n =Aexp (T—C) 3.7)

In Table 3.5, the constants values are shown.

Table 3.5: Constant values for equation (3.7)

A 0.04612
B 1089.1988
C  168.7954

The kinematic viscosity will be also given by equation (3.2).
To calculate the piezoviscosity coefficient a linear regression was made using the experimental

results. This linear regression resulted in the following equation:

o =8-107%. T —0.1838 - T +24.246 (3.8)

A small note, in equation (3.8), T represents the temperature in °C, instead of K.

The thermoviscosity coefficient is calculated by the same standard as used for the PAO ISO
VG 150 lubricant, i.e., ASTM D341 standard.

Using equation (3.7) followed by equation (3.2), we can determine the kinematic viscosity of
lubricant at 40°C and 100°C. This gives us Vo = 89.56 cSt and v; = 10.22 cSt. So using equation
(3.5), we can determine the constant m, which gives us that m = 3.6092.

Finally, the thermal conductivity is also given by equation (3.6).

A summary of the necessary properties to analyse the film thickness and coefficients of friction

is given in Table 3.6.

Table 3.6: Properties of TOTM

Density at 15°C, p/kg m~> 991.9
Dynamic viscosity at 50°C, n/Pa s 53.51-1073
Kinematic viscosity at 100°C, v/cSt 10.22-1073
Piezoviscosity at 50°C, a*/Pa~! 1.7056-1078
Thermoviscosity at 50°C, B/K~! 0.0456

Thermal conductivity at 50°C, k/ W/mK 0.1231




34

Experimental Work



Chapter 4

Film Thickness Results

The experiments to analyse the film thickness were done using a steel ball. The contact between
the disc and a ball will be a point contact. This will mean that the theoretical value of the film
thickness will be given by the Dowson-Hamrock equation for the centre film thickness, represented
in equation (2.7).

The parameters U, G and W will be given by the following equations:

n-ue

U=——2¢ 4.1
R .1

G=ao" E 4.2)
w

W=— 4.3
TR (4.3)

where u, = (up +uy)/2 and E' = E /(1 — v*) for similar materials, for materials with different
young’s modulus E' =2- (1 —v*?)/E; + (1 - v*})/Ey) .

4.1 Film Thickness on Glass Disc

As mentioned, a total of four experiments were made using this type of glass disc/steel ball con-
figuration, as depicted in the flowchart present in Figure 3.2.

Following the flowchart, the first type of experiment that is going to be observed will be the
one with the configuration with a temperature of 50 °C, a force of 50 N and a SRR of 0%.

From the results of the two measurements that were obtained while using the PAO ISO VG
150 lubricant, the first measurement, some points where the rolling speed was low, below 100
mm/s approximately, were deemed unnecessary because these points weren’t following the trend
line set by the points of the first measurement at higher rolling speeds as well as the points of the
second measurement. Using the same lubricant, but increasing the temperature from 50 °C to 100

°C, while maintaining the force and SRR, another two measurements were obtained.
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With the two measurements for each different configuration, an average was performed. This
average will then be compared to a theoretical value that is given by the Dowson-Hamrock equa-

tion (2.7), for each of the configuration. This comparison can be seen in Figure 4.1.

1000
Average Film Thickness F=50 N,

T=100 °C, SRR=0%
Theoretical Film Thickness F=50 N,
T=100 °C, SRR=0%

—@— Average Film Thickness F=50 N,
T=50 °C, SRR=0%
Theoretical Film Thickness F=50 N,
T=50 °C, SRR=0%

y = 4.0783x0:6572

100

Film Thickness / nm

y = 0.4785x07942

1 10 100 1000 10000

Rolling Speed / mm/s

Figure 4.1: Comparison between the experimental and theoretical values using PAO ISO VG 150
using a glass disc

For a configuration of F=50 N, T=50 °C and a SRR=0%, the theoretical results and the av-
erage experimental film thickness have practically the same slope as it can be observed from the
exponents from the equation of the trend line (0.6572) and the exponent from the dimensionless
speed parameter from equation (2.7) (0.67). However, the experimental results have higher values
than those that were predicted while using equation (2.7).

For a configuration of F=50 N, T=100 °C and a SRR=0%, the theoretical values are higher
than the experimental values, and, although the theoretical results and the average experimental
film thickness don’t have the same slope, as it can be seen by the exponent of the trend line
(0.7942), the values are much closer, specially at higher rolling speeds.

Comparing these two types of experiments, while using the same lubricant, it can be observed
that with the increase of the temperature, the film thickness decreases. This is expected since
with the increase in temperature, the viscosity of the lubricant decreases. The film thickness is
proportional to the dynamic viscosity, as it can be seen in equations (2.7) and (4.1), so with the
increase in temperature, the film thickness will decrease.

The two previous experiments will be repeated, but this time using the TOTM lubricant instead
of the PAO ISO VG 150. In Figure 4.2, the operation of averaging of the two experimental results

and comparison with the theoretical values can been seen.
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1000
—@— Average Film Thickness F=50 N,
T=100 °C, SRR=0%
Theoretical Film Thickness F=50 N,
T=100 °C, SRR=0%
Average Film Thickness F=50 N, T=50
100 °C, SRR=0%

Theoretical Film Thickness F=50 N,
T=50 °C, SRR=0%

y = 0.3101x08107

Film Thickness / nm

10
¥ = 1.4044x0.7765

1000 10000

100
Rolling Speed / mm/s

Figure 4.2: Comparison between the experimental and theoretical values using TOTM (1)

Observing Figure 4.2, the theoretical values F=50 N, T=50 °C and a SRR=0% are higher than
the experimental results, with the values being closer at higher rolling speeds. Again, the slop
of both results isn’t the same, as it’s possible to see from the exponent of the trend line and the
exponent from equation (2.7).

The observations made F=50 N, T=100 °C and a SRR=0% are similar to the ones made for the
previous configuration, i.e., the theoretical values are higher than the experimental results with the
values getting closer with the increase in rolling speed and with the slope of both results not being
the same, again by comparing the two exponents. Comparing these two glass discs experiments
while using the TOTM lubricant, the same interpretations can be made. With the increase of
temperature the film thickness decrease.

When comparing each type of test made with different lubricants, it can be observed that
the film thickness, in a general way, is higher when using the lubricant PAO ISO VG 150. The
principle is the same when comparing with temperatures, the higher the viscosity the higher is the
film thickness. This is why the film thicknesses are higher when using the lubricant PAO ISO VG
150, because this lubricant is more viscous than the TOTM lubricant.

4.2 Film Thickness on Sapphire Disc

As previously mentioned, a total of ten experiments were made while using the sapphire disc/steel
ball configuration. These experiments are depicted in the flowchart represented in Figure 3.3.

Calculating the average of both measurements and the theoretical values, again by using equa-
tion (2.7), a comparison between can be made. The comparison present in Figure 4.3 are for the
experiments were the T=50 °C and SRR=0% but the force varies.

With F=5.5 N, the average experimental film thickness results and the theoretical values are
very similar, with the theoretical values being lower than the experimental results at lower rolling
speeds and higher than the experimental results at higher rolling speeds. Increasing the force from
5.5 N to 21 N, it can be observed that, once more, that the average experimental film thicknesses

results and the theoretical film thickness values are very much the same for low rolling speeds.
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10000
—a&— Average Film Thickness F=5.5 N
Theoretical Film Thickness F=5.5 N
—&— Average Film Thickness F=21 N

1000 Theoretical Film Thickness F=21 N

—e— Average Film Thickness F=50 N

Theoretical Film Thickness F=50 N

100

Film Thickness / nm

1000 10000

100
Rolling Speed / mm/s

Figure 4.3: Comparison between the experimental and theoretical values using PAO ISO VG 150,
T=50 °C and SRR=0%

In higher rolling speeds, the theoretical film thickness values are slightly higher. The slope of the
experimental results is closer to the theoretical value than with F=5.5 N, as it can be seen by the
exponent of the trend line. For F=50 N, the theoretical film thicknesses values are similar to the
average of the experimental results at high rolling speeds, with a considerably deviation at lower
rolling speeds. Because of this the slope is different between the theoretical and experimental
results, as it can be seen the exponents.

When comparing these types of experiments, the increase in force causes a decrease in film
thickness, this is expected since analysing Dowson-Hamrock centre film thickness equation, equa-
tion (2.7), it’s possible to observe that the film thickness is inversely proportional to the force. So
if the force increases, the film thickness decreases.

Figure 4.4 shows the comparison for the experiments were the F=21 N but the other variables

vary.

10000 :
—— Average Film Thickness T=50 °C, SRR=0%

Theoretical Film Thickness T=50 °C, SRR=0%
== Average Film Thickness T=100 °C, SRR=0%
= Theoretical Film Thickness T=100 °C, SRR=0%
—@— Average Film Thickness T=50 °C, SRR=50%

Theoretical Film Thickness T=50 °C, SRR=50%

1000

y = 4.6601x%-6463

100 y = 1.3389x0656

Film Thickness / nm

y =3.1872x06%81

1 10 100 1000 10000
Rolling Speed / mm/s

Figure 4.4: Comparison between the experimental and theoretical values using PAO ISO VG 150,
F=21N

For these experiments the theoretical film thickness results and the average film thickness are
pretty much identical, the slopes are also very identical between them, as it’s possible to see by

the exponents.
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Is possible to see that the variation of the SRR doesn’t seem to cause a significant difference
in the values of the film thickness. Like it happened before, the increase in temperature has a
decreasing effect on the film thickness.

Changing the type of lubricant from PAO ISO VG 150 to TOTM, all of the experiments previ-

ously performed were repeated. These results can be observe in Figure 4.5.

10000
—4— Average Film Thickness F=5.5 N, SRR=0%
Theoretical Film Thickness F=5.5 N, SRR=0%
—s— Average Film Thickness F=21 N, SRR=0%

1000 | theoretical Film Thickness F=21 N, SRR=0%

=3.7414x06506
—&— Average Film Thickness F=50 N, SRR=0%

Theoretical Film Thickness F=50 N, SRR=0%

100

Film Thickness / nm

10 =2.248x06%
v - 1.3633x075%

1 10 100 1000 10000
Rolling Speed / mm/s

Figure 4.5: Comparison between the experimental and theoretical values using TOTM, T=50 °C
and SRR=0%

The average experimental results and the theoretical values are very similar in all of the ex-
periments. The slopes obtained are also very identical except for the configuration with a force of
50 N, where the exponent of the trend line equation is 0.7893, very different from the theoretical
equation where is 0.68.

Although the results are very similar for all of the configurations, is possible to understand
that, like before, with the increase in force the film thickness decreases until it reaches a rolling
speed of approximately 500 mm/s. Afterwards it’s possible to observe that there is a switch and
with a higher force the film thickness is bigger.

Like it was done previously, Figure 4.6 shows the comparison for the experiments were the
F=21 N but the other variables vary.

10000
—&— Average Film Thickness T=50 °C, SRR=0%

Theoretical Film Thickness T=50 °C, SRR=0%

== Average Film Thickness T=50 °C, SRR=50%
1000

Theoretical Film Thickness T=50 °C, SRR=50%

. . _ o —09 o
—@— Average Film Thickness T=100 °C, SRR=0% y = 2.248x06%

Theoretical Film Thickness T=100 °C, SRR=0%

100 y = 1.5237x05914

Film Thickness / nm

y = 2.5684x07001

1000 10000

100
Rolling Speed / mm/s

Figure 4.6: Comparison between the experimental and theoretical values using TOTM, F=21 N
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In this figure it’s possible to notice that, in a general way, the slope of the average experimental
film thicknesses and theoretical film thickness values are very identical except for the T=100 °C,
SRR=0% configuration, as it’s possible to see the exponent of the trend line equation is 0.5914.

Again, the variation of SRR doesn’t appear to change significantly the film thickness, although
with TOTM there was slightly increase and with PAO ISO VG 150 there was slight decrease in

film thickness. As seen, the increase in temperature causes a decrease in film thickness.

4.3 Summary

Analysing all of the experiments that were performed with different discs and configurations, as
well as the two type of lubricants, some conclusions can be drawn out.

When the temperature increases the film thickness decreases. As it was explained before,
with the increase in temperature comes a decrease in the viscosity of the lubricant. By analysing
Dowson-Hamrock equation, represented in equation (2.7), the film thickness is directly propor-
tional to the dimensionless parameter U. It’s known by equation (4.1) that the parameter U is
directly related to the dynamic viscosity of the lubricant. So with the increase in temperature, U
decreases and so does the film thickness.

It’s also seen that with the increase in force comes a decrease in film thickness. Again, by
analysing the Dowson-Hamrock equation it’s possible to state that the film thickness is inversely
proportional to the dimensionless parameter W, which in turn is directly proportional to the applied
force of the contact, meaning that with an increase in force there is an increase in the dimensionless
parameter W, provoking a decrease in film thickness.

The influence of the SRR in the film thickness doesn’t appear to a have a clear influence since
in the experiments where the SRR changed, the film thickness changed ever so slightly and with
different results in both experiments, since in one it increased and the other one it decreased.

Another conclusion that was not mentioned before but it’s very obvious is that the increase in
the rolling speed causes an increase in film thickness.

Finally another conclusion that can be drawn out is that the film thickness in sapphire is slightly
higher than in glass. This is because the effective Young’s modulus will be higher when consid-
ering the sapphire disc. All of the dimensionless parameters are related to E', however when
expanding equation (2.7), it’s possible to observe that the film thickness is directly proportional to
the effective young’s modulus, although it doesn’t have a significant weight on it. Which is proven
since the film thicknesses are higher in sapphire but not by much.

In the following table, a summary can be found regarding the stated observations.



4.3 Summary
Table 4.1: Film Thicknesses observations
Variable Type of Change Effect on Film Thickness
Temperature Increase Decrease
Temperature Decrease Increase
Force Increase Decrease
Force Decrease Increase
Rolling Speed Increase Increase
Rolling Speed Decrease Decrease
Effective Young’s Modulus Increase Increase

Effective Young’s Modulus Decrease Decrease

41
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Chapter 5

Coefficients of Friction Results

As it can be seen in the flowchart presented in Figure 3.4, three experiments were made. However,
after a preliminary analysis, it was noticed that for SRR=0% values the obtained coefficient of
friction are pretty much zero. So experiments where the SRR=0% were discarded and only the
results where SRR=50% were considered.

As it was referred in chapter 2, it’s possible to predict the coefficient of friction in a mixed film
lubrication regime by using equation (2.60). Each film parameter is calculated using a specific
equation, as previously shown in chapter 2, and each of this parameters has a domain. In Table
5.1, a brief summary of the formulation can be seen. For the following sections it’s considered
that the domain of each film parameter holds true and the load sharing values (u; and gy ) are
determined by the values of the coefficients of friction at each extreme point of the domain. The

values for the load sharing function (§) must vary between 0 and 1.

Table 5.1: Specific film thickness formulation [37]

Author Diab Doleschel Matsumoto
)

A 1
g E=erfc(A) E=[1-= E=0.5-logo | —

2 A
A A= (PT : hc A= hc A= hmin

/Rq% —I—Rq% 0.5 (Ra; + Ray) Rz1 + Rz

D A €0,3] A €10,2] A €[0.01,1]
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5.1 Coefficients of Friction with Steel Ball 1- TOTM Lubricant

Like it was made for the film thickness, two measurements were made for each configuration,
afterwards, an average was performed in all three coefficient of friction experiments and a com-
parison between the three steel discs was made. This comparison can be seen in Figure 5.1.
Analysing the data, it’s possible to observe that the steel disc with the higher surface roughness,
in other words steel disc 3, has the highest coefficient of friction out of the three discs, as expected,
with the steel disc with the second highest surface roughness having the second highest coefficient
of friction. Another observation that is possible to withdraw is that all of the steel discs tend to the
same value of coefficient of friction with the increase of the rolling speed. This is explained by

the contribution of the lubricant film thickness.
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Figure 5.1: Coefficients of friction comparison between the three steel discs with Steel Ball 1
(R, =0.025 um ) using TOTM

In order to determine the solid and fluid coefficient of friction, U and Uggr, each disc will
be analysed for each specific film parameter in order to get the best values for the closest possible
coefficient of friction prediction using equation (2.60). By observing Table 5.1, it’s possible to
see the domain for each of the coefficient friction predictions, so a value for the coefficient can be
drawn out. For example, the Diab film parameter has a domain of A € [0, 3], so by analysing the
results of the coefficient of friction at these two values of A, a value can be reached. The same is
true for the other film parameters in their corresponding domains. Of course this isn’t a true value
but an approximation, since the results don’t reach A = 0.

For that, the stribeck curves for each specific film thickness will be analysed in order to choose
the best coefficients.

Observing the stribeck curves for each specific film parameter and for each steel disc, it’s
possible to determine the solid and fluid lubrication coefficients that has the best approximation to
the corresponding domain of the specific film parameter for each steel disc that was used.

These coefficients are shown in Table 5.2. An important aspect to notice is that the coefficients
of friction in steel disc 1, for a SRR=50%, are essentially constant throughout the rolling speed,

as seen in Figure 5.1, so the solid and fluid coefficients will be constant.
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Figure 5.2: Stribeck Curves for Steel Ball 1 (TOTM)

Table 5.2: Solid and fluid coefficients (Steel Ball 1/TOTM)

Mo UEHL
Steel Disc 1 0.0950 0.0575
Diab Steel Disc 2 0.1000 0.0600

Steel Disc 3 0.1200 0.0000
Steel Disc 1 0.1000 0.0600
Doleschel  Steel Disc2 0.1000 0.0700
Steel Disc 3  0.1200 0.0550
Steel Disc 1  0.0850 0.0350
Matsumoto  Steel Disc 2 0.0900 0.0350
Steel Disc 3 0.0900 0.0000
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As it can be seen in Figure 5.3, for steel disc 1, the coefficients of friction predictions made
with the Diab and Doleschel film parameters are similar to the experimental results that were
obtained. The Matsumoto film parameter also has good coefficient of friction prediction but it has

a bigger difference in values when compared with the other two.
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Figure 5.3: Experimental and predicted friction results with steel ball 1 (R, = 0.025 um ) and
steel disc 1 (R, = 0.025 um ) (TOTM)

For steel disc 2, Figure 5.4, it’s possible to see that the predicted coefficients of friction using
the Matsumoto film parameter are very close to the experimental results. The Doleschel film
parameter also has good approximations as well as the Diab film parameter, although a little worse
than the the other two.
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Figure 5.4: Experimental and predicted friction results with steel ball 1 (R, = 0.025 um ) and
steel disc 2 (R, = 0.074 um ) (TOTM)
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For steel disc 3, is possible to see by observing Figure 5.5 that the best predicted values for the
coefficient of friction come from the Matsumoto film parameter. The Doleschel film parameter
also has very good predictions for the coefficient of friction and the Diab film parameter has the

worst predictions for the coefficient of friction.
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Figure 5.5: Experimental and predicted friction results with steel ball 1 (R, = 0.025 um ) and
steel disc 3 (R, = 0.300 um ) (TOTM)

In Figure 5.6 is possible to see the experimental and theoretical & values. First of, is possible
to see that the £ values are between 0 and 1 for the domain of each film parameters. The Diab and
Doleschel film parameters are pretty similar with the theoretical & values for the Doleschel film
parameter following more closely the obtained experimental &. The & values for Matsumoto film

parameter are also similar but it’s the worst out of the three.
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Figure 5.6: Experimental and theoretical & values with steel ball 1 (R, = 0.025 pum ) and steel
disc 1 (R, =0.025 um ) (TOTM)
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For steel disc 2 is possible to note by observing Figure 5.7 that the Matsumoto film parameter
give the best theoretical & values. The Doleschel film parameters also have good theoretical values

as well as the Diab film parameter, however, this last one give the worst out of the three.
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Figure 5.7: Experimental and predicted friction results with steel ball 1 (R, = 0.025 um ) and
steel disc 2 (R, = 0.074 um ) (TOTM)

Observing Figure 5.8 is possible to note that, once more, the theoretical values for the & values
using the Matsumoto film parameter are the ones that resembles more closely the experimental &

values. Out of the three, the Diab film parameter has the worst theoretical £ values.
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Figure 5.8: Experimental and predicted friction results with steel ball 1 (R, = 0.025 yum ) and
steel disc 3 (R, = 0.300 um ) (TOTM)

In Figures 5.9, 5.10 and 5.11, the relative errors for the coefficients of friction for the three
film parameters. For all of the three film parameters is possible to observe that the errors for steel

discs 1 and 2 are low (around 10% or lower). For the Doleschel and Matsumoto film parameters,
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the error for steel disc 3 is also relative low, however, with the Diab film parameter this error is

quite significant.
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Figure 5.9: Relative error between the comparisons of friction values for Steel Ball 1 (R, = 0.025

um ) and TOTM lubricant (Diab)
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Figure 5.10: Relative error between the comparisons of friction values for Steel Ball 1 (R, =0.025

um ) and TOTM lubricant (Doleschel)
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Figure 5.11: Relative error between the comparisons of friction values for Steel Ball 1 (R, = 0.025
um ) and TOTM lubricant (Matsumoto)

5.2 Coefficients of Friction with Steel Ball 2- TOTM Lubricant

The comparison between the averages of all three steel discs coefficients of friction, while using
the TOTM lubricant with a temperature of 50°C, a normal force of 50 N and a SRR of 50%, can

be seen in Figure 5.12.
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Figure 5.12: Coefficients of friction comparison between the three steel discs

Observing Figure 5.12, it’s possible to see that all three steel discs have an identical value for
the lowest rolling speed recorded, u, ~ 10 mm/s, and they all to the same coefficient of friction
with the increase in rolling speed. The values from steel disc 2 and steel disc 3 are very similar
from 10 mm/s until approximately 200 mm/s. Once more, with the increase in rolling speed, the
coefficient of friction decreases.

Once more, the solid and fluid coefficients of friction, u; and Uggy, are chosen by analysing

the stribeck curves for each specific film parameter in order to get the best values for the closest
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possible coefficient of friction prediction using equation (2.60) that belong to the domain of the

corresponding film parameter. These coefficients are present in Table 5.3.
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Figure 5.13: Stribeck Curves for Steel Ball 2 (TOTM)

Table 5.3: Solid and fluid coefficients (Steel Ball 2/TOTM)

Diab

Steel Disc 1
Steel Disc 2
Steel Disc 3

Doleschel

Steel Disc 1
Steel Disc 2
Steel Disc 3

Matsumoto

Steel Disc 1
Steel Disc 2
Steel Disc 3

Hpi UEHL
0.1000 0.0300
0.1100 0.0300
0.1100 0.0300
0.1000 0.0550
0.1150 0.0550
0.1100 0.0450
0.0800 0.0200
0.0950 0.0000
0.0850 0.0000

In Figure 5.14 the comparison between the predicted and experimental values for steel disc 1

with a SRR=50% can be observed.

Observing these results, is possible to see that, for steel disc 1, the Matsumoto film parameter

has predicted values that follow more closely the obtained experimental results. The predicted
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Figure 5.14: Experimental and predicted friction results with steel ball 2 (R, = 0.300 um ) and
steel disc 1 (R, = 0.025 um ) (TOTM)

values using the Diab and Doleschel film parameters are very similar, however the values obtained

using the Doleschel film parameter are closer to the experimental results.
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Figure 5.15: Experimental and predicted friction results with steel ball 2 (R, = 0.300 m ) and
steel disc 2 (R, = 0.074 um ) (TOTM)

Observing the results provided by figure 5.15, is possible to see that, once more, the predicted
values using the Diab and Doleschel film parameters are very similar but the Doleschel film pa-
rameter has a better prediction overall. The Matsumoto film parameter, for a higher value of A,
has very good predictions, however, for lower values of A, the predictions are worse.

For steel disc 3, Figure 5.16, it’s possible to see that the Doleschel film parameter is the
parameter that has predicted coefficient of friction values that are more closely related in value to
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Figure 5.16: Experimental and predicted friction results with steel ball 2 (R, = 0.300 um) and
steel disc 3 (R, = 0.300 um) (TOTM)

the experimental results. The Matsumoto film parameter also has very similar predicted coefficient
of friction values, however, like previously, with lower A, the prediction tends to deviate from the
experimental results quite significantly

In Figures 5.17. 5.18 and 5.19 the experimental and theoretical & values can be observed.
For steel disc 1 is possible to note that the theoretical & values are more closely related to the

experimental values for the Matsumoto film parameter.
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Figure 5.17: Experimental and theoretical £ with steel ball 2 (R, = 0.300 pm) and steel disc 1
(R; =0.025 pm) (TOTM)

For steel disc 2 is possible note that all of the three film parameters have theoretical £ values
that closely relates the experimental & values, with the Doleschel film parameter having the &

values that are more similar throughout the domain.
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Figure 5.18: Experimental and theoretical £ with steel ball 2 (R, = 0.300 pm) and steel disc 2
(R; =0.074 um) (TOTM)

Steel disc 3 has the same observations that were made for steel disc 2, i.e., the Doleschel film

parameter has the & values that are more similar throughout the domain. Once more, is possible

to see that the coefficients of friction obtained through the Doleschel film parameter has the lower

relative errors.
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Figure 5.19: Experimental and theoretical £ with steel ball 2 (R, = 0.300 pm) and steel disc 3
(R, =0.300 um) (TOTM)

In Figures 5.20, 5.21 and 5.22 it’s possible to see that the Doleschel and Matsumoto film

parameters have the best relative error, as it could be concluded by the previous observations.
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Figure 5.20: Relative error between the comparisons of friction values for Steel Ball 2 (R, = 0.300
um) and TOTM lubricant (Diab)
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Figure 5.21: Relative error between the comparisons of friction values for Steel Ball 2 (R, = 0.300
um) and TOTM lubricant (Doleschel)
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Figure 5.22: Relative error between the comparisons of friction values for Steel Ball 2 (R, = 0.300
um) and TOTM lubricant (Matsumoto)

5.3 Coefficients of Friction with Steel Ball 1-PAO ISO VG 150

In Figure 5.23, the coefficient of friction average in all three steel discs is shown. The coefficients
of frictions were obtained with the PAO ISO VG 150 lubricant with a configuration of T=50
°C,F=50 N and SRR=50%. Once more, the higher the surface roughness the higher the coefficient
of friction is. With the increase of rolling speed, the coefficient of friction tends to a value around
0.03.
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Figure 5.23: Coefficients of friction comparison between the three steel discs with Steel Ball 1
using PAO ISO VG 150 (SRR=50%)

The solid and fluid coefficient of friction, ;; and gy, to substitute in equation (2.60) are
chosen from the Stribeck curves for each film parameter, with the same method as said before.

These Stribeck curves are shown in Figure 5.24.
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Figure 5.24: Stribeck Curves for Steel Ball 1 (PAO ISO VG 150)

(c) Matsumoto

The solid and fluid coefficients that best approximate for each steel disc, and for each film

parameter, are shown in Table 5.4.

Table 5.4: Solid and fluid coefficients (Steel Ball 1/PAO ISO VG 150)

Hpi HEHL
Steel Disc 1 0.0650 0.0450
Diab Steel Disc 2 0.0950 0.0500
Steel Disc 3 0.1100 0.0300
Steel Disc 1  0.0700 0.0450
Doleschel  Steel Disc2 0.1000 0.0600
Steel Disc 3 0.1150 0.0400
Steel Disc 1 0.0550 0.0350
Matsumoto  Steel Disc 2 0.0850 0.0200
Steel Disc 3 0.0800 0.0000
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As seen in Figure 5.25, for steel disc 1, the film parameter that contributes to coefficient of

friction prediction that are more close to the experimental coefficients of friction is the Doleschel

film parameter. Both Diab and Matsumoto film parameters give good prediction for the coefficient

of friction.
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Figure 5.25: Experimental and predicted friction results with steel ball 1 (R, = 0.025 um) and
steel disc 1 (R, = 0.025 um) (PAO ISO VG 150)

On steel disc 2, all of the film parameters give very good predictions for the coefficient of

friction experimental results, as it can be seen in Figure 5.26.
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Figure 5.26: Experimental and predicted friction results with steel ball 1 (R, = 0.025 um) and
steel disc 2 (R, = 0.074 um) (PAO ISO VG 150)

For steel disc 3, the coefficients of friction predictions using the Doleschel and Matsumoto

film parameter have good approximation to the experimental coefficients of friction results. The
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Diab film parameter prediction differ from the experimental results, as seen in Figure 5.27.
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Figure 5.27: Experimental and predicted friction results with steel ball 1 (R, = 0.025 um) and
steel disc 3 (R, = 0.300 um) (PAO ISO VG 150)

Figures 5.28, 5.29 and 5.30 show the comparison between the theoretical values of & with
the experimental data. The conclusions that were drawn out of the comparisons between the
experimental and predicted coefficients of friction also hold true in these comparisons. For steel

disc 1, the Doleschel film parameter provides the best theoretical & values.
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Figure 5.28: Experimental and theoretical £ with steel ball 1 (R, = 0.025 pum) and steel disc 1
(R, = 0.025 pm) (PAO ISO VG 150)

On steel disc 2 all of the three film parameter provides good theoretical & values, specially the

Matsumoto film parameter.
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Figure 5.29: Experimental and theoretical £ with steel ball 1 (R, = 0.025 pum) and steel disc 2
(R; =0.074 um) (PAO ISO VG 150)

With steel disc 3, is possible to observe that the Doleschel film parameter has the theoretical &

values that more closely resembles the experimental & values.
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Figure 5.30: Experimental and theoretical & with steel ball 1 (R, = 0.025 um) and steel disc 3
(R, = 0.300 um) (PAO ISO VG 150)

The relative error of the predicted values when compared to the experimental results for the

coefficient of friction can be seen in Figures 5.31, 5.33 and 5.33. As it can be seen, the Diab

film parameter produced, on the whole, the worst prediction for the coefficients of friction. The

Doleschel film parameter seems to have the lowest relative error.
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Figure 5.31: Relative error between the comparisons of friction values for Steel Ball 1 (R, =0.025

um) and PAO ISO VG 150 lubricant (Diab)
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Figure 5.32: Relative error between the comparisons of friction values for Steel Ball 1 (R, =0.025

um) and PAO ISO VG 150 lubricant (Doleschel)
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Figure 5.33: Relative error between the comparisons of friction values for Steel Ball 1 (R, = 0.025
um) and PAO ISO VG 150 lubricant (Matsumoto)

5.4 Coefficients of Friction with Steel Ball 2-PAO ISO VG 150

Figure 5.34 shows the coefficient of friction average in all three steel discs. Again the higher the
surface roughness the higher the coefficient of friction is. With the increase of rolling speed, the
coefficient of friction in all three discs tend 0.03.
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Figure 5.34: Coefficients of friction comparison between the three steel discs with Steel Ball 2
using PAO ISO VG 150 (SRR=50%)

The solid and fluid coefficient of friction, Uy and gy, to substitute in equation (2.60) are
chosen from the Stribeck curves for each film parameter. These Stribeck curves can be seen in
Figure 5.35.

The solid and fluid coefficients that best approximate for each steel disc, and for each film
parameter, are shown in Table 5.5.
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Figure 5.35: Stribeck Curves for Steel Ball 2 (PAO ISO VG 150)

Table 5.5: Solid and fluid coefficients (Steel Ball 2/PAO ISO VG 150)

Hpi HEHL
Steel Disc 1 0.0700 0.0270
Diab Steel Disc 2 0.1000 0.0250

Steel Disc 3  0.1150 0.0100
Steel Disc 1 0.0600 0.0400
Doleschel  Steel Disc2 0.1000 0.0450
Steel Disc 3 0.1150 0.0300
Steel Disc 1 0.0530 0.0100
Matsumoto  Steel Disc 2  0.0700 0.0000
Steel Disc 3 0.0650 0.0000
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As seen in Figure 5.36, for steel disc 1, the film parameter that contributes to coefficient of
friction prediction that are more close to the experimental coefficients of friction is the Doleschel

film parameter. Both Diab and Matsumoto film parameters give good prediction for the coefficient

of friction.
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Figure 5.36: Experimental and predicted friction results with steel ball 2 (R, = 0.300 um) and
steel disc 1 (R, = 0.025 um) (PAO ISO VG 150)

On steel disc 2, all of the film parameters give very good predictions for the coefficient of

friction experimental results, as it can be seen in Figure 5.37.

012

010

(.08 1

=1

(.06
=i~ Experimental Friction Coefficiant

0.04 { — Dab

) —— [Doleschel
— Matsumoto
107" 10 1032 1072 101 10 10t

Figure 5.37: Experimental and predicted friction results with steel ball 2 (R, = 0.300 um) and
steel disc 2 (R, = 0.074 um) (PAO ISO VG 150)

For steel disc 3, the coefficients of friction predictions using the Doleschel and Matsumoto

film parameter have good approximation to the experimental coefficients of friction results. The
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Diab film parameter prediction differ from the experimental results, as seen in Figure 5.38.
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Figure 5.38: Experimental and predicted friction results with steel ball 2 (R, = 0.300 um) and
steel disc 3 (R, = 0.300 um) (PAO ISO VG 150)

Figures 5.39, 5.40 and 5.41 show the comparison between the theoretical values of & with
the experimental data. The conclusions that were drawn out of the comparisons between the

experimental and predicted coefficients of friction also hold true in these comparisons.
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Figure 5.39: Experimental and theoretical £ with steel ball 2 (R, = 0.300 pm) and steel disc 1
(R, =0.300 um) (PAO ISO VG 150)
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Figure 5.40: Experimental and theoretical & with steel ball 2 (R, = 0.300 um) and steel disc 2
(R, =0.074 um) (PAO 1SO VG 150)
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Figure 5.41: Experimental and theoretical & with steel ball 2 (R, = 0.300 um) and steel disc 3
(R; = 0.300 um) (PAO ISO VG 150)
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The relative errors can be seen in Figures 5.42, 5.43 and 5.44. By observing the figures is
possible to conclude that the Matsumoto film parameter provides the lowest relative errors out of
all the film parameters.
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Figure 5.42: Relative error between the comparisons of friction values for Steel Ball 2 (R, = 0.300
um) and PAO ISO VG 150 lubricant (Diab)
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Figure 5.43: Relative error between the comparisons of friction values for Steel Ball 2 (R, = 0.300
um) and PAO ISO VG 150 lubricant (Doleschel)
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Figure 5.44: Relative error between the comparisons of friction values for Steel Ball 2 (R, = 0.300
um) and PAO ISO VG 150 lubricant (Matsumoto)

5.5 Coefficients of Friction Discussion

The error comparisons for each steel discs using the TOTM lubricant can be found in Figure
5.45. Having in mind the domain for each film parameter, present in Table 5.1, it can be seen
that, broadly speaking, the predicted values using the Diab film parameter presents the worst error
values of the three film parameters, with reaching relative errors up to 70% (using steel disc 3 and
steel ball 1). The predictions Doleschel and Matsumoto film parameters have low relative errors,
although in Figure 5.45a the error using the Matsumoto film parameter has a higher error than the
other two parameters, being this case an exception.

In Figure 5.46 it’s possible to see the relative error comparisons for all the combinations of
steel discs and steel balls, with the different film parameters, but this time using the PAO ISO VG
150. It’s possible to see that, once more, the predictions made for the coefficient of friction using
the Diab film parameter have a higher error than the other two parameters, reaching relative errors
around 50% (with steel disc 3). Again, both predictions for the Doleschel and Matsumoto film
parameter show a low relative error.

With the two lubricants, it’s possible to say that the Diab film parameter shows the worst
predicted values for the coefficient of friction. The predicted coefficient of friction values using
the Doleschel and the Matsumoto film parameters are the better ones but a direct comparison
between the two film parameters to is difficult to do, since both of them on the whole seem to

produce similar results.
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Figure 5.45: Relative errors using the TOTM lubricant and SRR=50%
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Figure 5.46: Relative errors using the PAO ISO VG 150 lubricant and SRR=50%
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5.6 Comparison with fixed load sharing values

In the previous sections, the load sharing values were obtained by considering that the domain
of each film parameter, present in Table 5.1, holds true. This time a fixed value, no matter what
film parameter used, will be given for the load sharing values. These values are known and were
obtained by using a steel disc with a surface roughness of R, = 0.723 um, a steel ball that has the
same surface roughness as steel ball 1 and the PAO ISO VG 150 lubricant, so the experimental
results that are going to be used for a comparison are from steel disc 3 (R, = 0.506 um). The
values for the coefficient of friction at the boundary and full film regimes are p,; = 0.11 and
Uemr = 0.035.

0.12

0.10 1

0.08 1

=

0.06
=—d- Experimental Friction Coefficient

no4d = Ciab

' — Doleschel
— Matsumoto

1072 107* 10°32 1072 107t 10°

Figure 5.47: Comparison between the experimental results and predicted results with fixed load
sharing values
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Figure 5.48: Comparison between the experimental and theoretical & values with fixed load shar-
ing values
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As it’s possible to see, the results that were obtained with the Diab and Matsumoto film pa-
rameter differ a lot when A increases, this could be because the steel disc where the load sharing
values were obtained with a rougher steel disc than the one where the experimental results came
from. However, by observing the predicted coefficient of friction results from the Doleschel film
parameter, it can be seen that this doesn’t happen, on the contrary, the predicted results are very
similar to the experimental results.

Comparing with the results from Figures 5.27 and 5.30, it’s possible to notice as difference,
specially on the results obtained from Matsumoto. This difference mainly comes from the
value, however this difference is quite low for the Diab and Doleschel film parameter (about 0.01)
and more significantly in the Matsumoto film parameter (0.3).

It’s also possible to note that, like it happened before, the Doleschel film parameter provides

the better predictions for the coefficient of friction.



Chapter 6

Larsson Film Parameter

As stated in chapter 2, section 2.5, Hansen, Bjorling and Larsson developed a new film parameter
that is calculated by equation (2.31). The Spk parameter is substituted by the Rpk parameter,
which is the equivalent surface roughness parameter. Another important aspect to mention is the f;
parameter. As it’s possible to see from equation (2.27), this parameter uses the asperity radii, that
can be calculated by equation (2.30). However the width and height of the asperity isn’t known,
so this equation can’t be used. For this, equation (2.12) is used to calculate the asperity radii. The
values for the asperity radii can be seen in Table 6.1. Another matter is that f, also depends on
the orientation of the surface roughness lay, but again this isn’t known. So, it’s considered that the
steel ball has a transversal surface roughness lay to the steel disc. With this in consideration, it’s
used the coefficients values for case A present in Table 2.3.

As it was stated, the transition between mixed film and full film lubrication occurs when A = 1.
However, the value of A when the transition between the boundary film and mixed film regime
occurs isn’t known. To get an estimate of the A where this transition occurs, a coefficient of friction
in function of A graphic will be analysed. Since the boundary film regime normally occurs when
the surface roughness is higher, the graphics analysed will be the ones where steel disc 3 and steel

ball 2 are used, since both of them have the higher values for the surface roughness.

73
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Figure 6.1: Coefficients of friction for Steel Disc 3 and Steel Ball 2 (F=50 N, T=50 °C and
SRR=50%)

The boundary film regime in this type of graphic is characterised by a plateau on the lower
values of A. By observing Figure 6.1, is possible to see that both results using the two different lu-
bricants have similar values until A = 0.2, however, observing the results for the TOTM lubricant,
it’s possible to see a small plateau until A = 0.1. On the results for the PAO ISO VG 150, although
not a straight plateau as the one from the TOTM results, it’s possible to see that the inclination
until A = 0.1 is smaller than the inclination that comes after A = 0.1. So it estimated that the

transition between boundary and mixed film regime occurs around A = 0.1.

Table 6.1: Asperity radii values

Asperity radii / mm

Steel Disc 1 0.7491
Steel Disc 2 0.5241
Steel Disc 3 0.8081

Since this is a new film parameter, a theoretical equation for the determination of the & value
doesn’t exist. So, the theoretical £ will be based on the existent equations for the Diab, Doleschel

and Matsumoto film parameter. The changes for those theoretical equations are the following:

Ei=erfc(A-A) (6.1)
E=(1-A-A) (6.2)
& =A-logj, (A7) (6.3)

A is a constant to be determined so the error between the experimental and theoretical & is as
small as possible. The experimental & is calculated by equation (2.64), and the error between the

theoretical and experimental & is calculated by:
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|éexp_§|

error = ————

éexp
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(6.4)

To minimise the error, the least squares method is employed in order to determine A.
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Figure 6.2: Stribeck curves (F=50 N, T=50 °C and SRR=50%)

Like it was done earlier, the Stribeck curves will be analysed in order to determine the solid

and fluid coefficients of friction for equation (2.60). These coefficients are shown in Table 6.2 and

have in mind the domain of A € [0.1,1].

Table 6.2: Solid and fluid coefficients for the Larsson film parameter

TOTM PAO ISO VG 150

Hpi HEHL Hpi HEHL

Steel Disc1  0.09 0.06 | 0.06 0.043

Steel Ball 1  Steel Disc2 0.1 0.07 | 0.09 0.06
Steel Disc 3 0.115 0.07 | 0.11 0.058

Steel Disc1  0.10 0.065 | 0.07 0.045

Steel Ball 2 Steel Disc2  0.11 0.07 | 0.095 0.06
Steel Disc 3 0.11 0.07 | 0.11 0.055
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Employing the least square method, as it was mentioned, it’s possible to obtain the best value
for coefficient A in order to have the better approximation for the experimental value of . This
method is employed for the three equations that were previously shown, equations (6.1) to (6.3).
The results for this coefficient for each type of configuration of lubricant, steel ball and steel disc,

and for each type of equation can be seen in the following tables.

Table 6.3: Coefficients A obtained from the least square method for equation (6.1)-Diab

TOTM | PAO ISO VG 150
Steel Disc 1 2.428 1.004
Steel Ball 1  Steel Disc2  1.189 1.491
Steel Disc 3 1.531 0.772
Steel Disc 1~ 1.004 2.248
Steel Ball 2 Steel Disc 2 1.491 0.744
Steel Disc 3 0.772 1.358

Table 6.4: Coefficients A obtained from the least square method for equation (6.2)-Doleschel

TOTM | PAO ISO VG 150
Steel Disc 1 0.574 0.645
Steel Ball 1 Steel Disc2  0.532 0.283
Steel Disc 3 0.755 0.643
Steel Disc 1~ 0.475 0.522
Steel Ball 2 Steel Disc2  0.648 0.430
Steel Disc 3 0.478 0.499

Table 6.5: Coefficients A obtained from the least square method for equation (6.3)-Matsumoto

TOTM | PAO ISO VG 150
Steel Disc 1 1.934 0.866
Steel Ball 1 Steel Disc2  0.848 1.051
Steel Disc 3 0.973 0.915
Steel Disc 1 0.994 0.766
Steel Ball 2 Steel Disc2  1.029 0.939
Steel Disc 3 1.149 1.033

Having the A coefficients, it’s possible to perform a simple average in order to determine a
general coefficient for each equation. However, values which differ a lot from the other values are
removed. These values are 2.428 and 2.248 in Table 6.3, 0.283 in Table 6.4 and value 1.934 for
Table 6.5. An approximation of the average value is then used in the equations to determine &.

These equations are then the following:
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E=erfc(l1.5-A) (6.5)
& =(1-0.55-A) (6.6)
& =log;o (A7) (6.7)

Having these equations in order to have a theoretical value for &, it’s possible to compare them
with the experimental values obtained for £. In Figure 6.3 is possible to see this comparison for
all steel discs and balls using the TOTM lubricant and in Figure 6.4 the comparison when using
the PAO ISO VG 150 lubricant.
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Figure 6.3: Comparison between the & values for the TOTM lubricant
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Figure 6.4: Comparison between the & values for the PAO ISO VG 150 lubricant
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At first observation, it’s possible to see that when the composite surface roughness, where steel
disc 1 and steel ball 1 are combined, the theoretical & values are the furthest from the experimen-
tal & results, no matter the lubricant used. Excluding this, for all the other cases, the theoretical
values using the three equations aforementioned are close in values for the experimental & results.
Broadly speaking, the & values obtained from equation (6.6) have the furthest values from the
experimental results, while the values obtained from equations (6.5) and (6.7) are closer to the ex-
perimental results. However, it can be observed that for the lower values of A, the values obtained
from equation (6.5) are further away from the experimental results than the values obtained by
using equation (6.7). By basing on this, it’s expect that the friction predictions results using the
equation (6.7) will provide better approximations.

Figures 6.5 and 6.6 shows the comparisons between the predicted values for the coefficient of
friction and the experimental coefficient of friction results for the TOTM lubricant and the PAO
ISO VG 150 lubricant respectively. Once more, is possible to note that the predictions for the
coefficients of friction using equation (6.6) for the theoretical £ value have, on the whole, the
worst approximations. As expected, the coefficients of friction predictions using equation (6.7)

have the best approximations overall.
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Figure 6.5: Comparison between the coefficients of friction results and predictions for the TOTM
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Figure 6.6: Comparison between the coefficients of friction results and predictions for the PAO
ISO VG 150 lubricant




Chapter 7

Conclusions and Future Works

7.1 Conclusions

Starting with the film thickness experiments, it was possible to determine that the Dowson-Hamrock
equations used for the calculation of the film thickness in point contacts is a good approximation
for the obtained experimental results. It’s also possible to observe that by changing a variable in
the experiment, like the temperature, force or rolling speed, the experimental results of the film
thickness will change according to the Dowson-Hamrock equation. For example, if the rolling
speed increases then the film thickness also increases, if the temperature increases than the film
thickness will decrease, with the same happening with the increase in force. The only change in
variables that didn’t provide a clear effect on the film thickness was the change in SRR. A final
observation in the film thickness is that the results obtained by using the TOTM lubricant are lower
than the ones where the PAO ISO VG 150 lubricant, this is because the dynamic viscosity of the
TOTM lubricant is lower than the PAO ISO VG 150.

Going into the results obtained for the coefficients of friction, it’s possible to note that the
friction results using the TOTM lubricant are higher than the results obtained by using the PAO
ISO VG 150 lubricant. This is consistent with the results obtained from the film thickness since
the film thicknesses in the PAO ISO VG 150 were higher contributing then to a lower coefficients
of friction.

As it was discussed in the previous section, the coefficients of friction predictions made by
using the Diab film parameter present the worst predictions overall with the Doleschel and the
Matsumoto film parameters presents the best results for the coefficients of friction predictions.
In some cases the Doleschel film parameter has the best predictions, with a lower relative errors
than the predictions made with the Matsumoto film parameter. In other cases the exact opposite
happening, so a clear better option by observing the relative errors isn’t possible to choose. How-
ever, by observing the direct comparison between the predictions and the experimental results it’s
possible to see that when using the Matsumoto film parameter, the rate in which the coefficient of
friction decreases is roughly the same. With this it can be said that the Matsumoto film parameter

is the better film parameter of the two.
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Finally, with the Larsson film parameter it was possible a value for the boundary film regime,
A = 0.1, by turning to the Stribeck curves. However, it’s important to notice that the values for
the surface roughness parameters, Rpk, is taken from the values obtained for the steel discs that
had the same tabled value, i.e., steel disc 1 and steel ball 1 had a tabled Ra value of 0.2 ptm, so the
values for the other surface roughness parameters where taken from the values obtained for steel
disc 1. The same is applied to steel disc 3 and steel ball 2. So, the values for Rpk of the steel balls
aren’t exact but just an assumption, so this A value can be altered significantly if it was possible
to obtain the exact value for the steel balls. As for the equations for the predicted coefficient of
friction values is possible to note that using the theoretical & equations based on Matsumoto &

equation provide the best approximations for the experimental & that was obtained.

7.2 Future Works

Recommendations to improve on the topics encountered on this work and to develop it even further

include:

» Use a different equipment to obtain the surface roughness parameters, a equipment where is
possible to obtain these values for steel balls as well to get better values for the steel discs.
The equipment used obtained the values in a one dimensional plane, a better equipment

would allow to obtain the value in three dimensions, like the one used by Larsson et al [22].

» Use rougher discs and balls in order to more easily obtain a boundary film regime and to

verify the A value for the transition of the boundary to the mixed film regime.

* As said before, the orientation of the surface roughness lay was considered to be transver-
sal. For a better analysis, different surface roughness lays should be considered in order to
perceive if the A value for the transition of boundary to mixed film changes with this factor.
It would also be interesting to perceive what difference this factor would make on the other

existing film parameters.
» Use steel rolls to study the validation of the Larsson film parameter in line contacts.

» Tweak the film thickness equations to obtain a theoretical value that better represents the

experimental results.

* Use new load sharing values based on the steel discs used.
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