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Abstract 

The objective of this work was to increase the understanding of which lubricant properties 
control transient friction, and during what environmental conditions friction is minimized. The 
experiments have been conducted during conditions relevant to an elastohydrodynamic contact, 
with pressures extending up to 2.5 GPa, initial temperatures between 20-80°C in the lubricant 
and loading durations of approximately 200-400 ps. 

A major revision of an existing work on the relation between pressure and dilatation, for 
mineral- and synthetic oils, using a modified split Hopkinson pressure bar was undertaken. A 
quadratic expression with lubricant specific constants, describing the pressure-dilatation 
relationship without an asymptotic behavior, was presented. A thermal study of isothermal and 
adiabatic effects on the result was added to the report. One significant observation was that the 
difference between adiabatic- and isothermal dynamic behavior of the compressed lubricants was 
small. The proposed idea was that, in practical calculations, it is unnecessary to distinguish 
between adiabatic and isothermal material data for dynamic calculations. Time-dependent 
processes on a molecular level must explain the difference found. 

A new type of experimental set-up was developed, utilizing the flexural response to an exerted 
load and dynamic beam theory, enabling simultaneous measurement of transverse and normal 
forces, and thus friction coefficient, as a function of time or pressure. The reproducibility of the 
load exertion was found to be low but the accuracy of the measurements were encouraging. 
Differences in friction histories between lubricated and dry contacts were found. 

Improvement of the developed friction coefficient measurement device was made to enhance 
reproducibility and accuracy. The experimental set-up was in many ways inverted and a new 
theory was developed, encompassing both rotational inertia and shear deformation in the energy 
of motion consideration. Reproducibility between experiments, along with accuracy, went from 
low to excellent. Five different lubricants were tested and frictional data, as a function of time, 
were presented. Several phenomena concerning friction were observed and discussed. Two 
interesting observations were that: 

Friction increases with increasing pressure during each load cycle (and decreases again as the 
loading is removed). 

Friction decreases with increasing maximum pressure of the loading pulse. 
This apparent contradiction inspired further work in the field and indications suggested that the 
solution might be embedded in the thermodynamic properties of the lubricants. 

Enhanced environmental control, added to the set-up, enabled initial temperature increase up to 
60°C above ambient. Focus on thermodynamic properties was rewarded with a number of 
observations and a suitable explanation to the previously described contradiction was formed. It 
was found that increased coefficient of heat conduction lowered the friction coefficient, as did an 
increase in specific heat capacity. Both effects strive to reduce the temperature in the contact (by 
different means) but the tendency is clear: colder contact temperamre, lower friction. Further 
support through the finding that increased initial temperature correspondingly increased friction 
was acknowledged. The main conclusion was that solid friction is lower than fluid friction 
during the prevailing test conditions and that a numerical analysis is considered necessary. 
Frictional data for 12 different lubricants and model hydrocarbons with different physical- and 
thermodynamic properties were presented. 



A numerical study of the thermal, shear stress and velocity gradient profiles along with friction 
coefficients for a paraffmic mineral oil, subjected to a transient pressure pulse in-between two 
infinite, rigid plates with relative motion was undertaken. Two rheological models were used: 
one nonlinear viscous and one nonlinear viscoelastic (Ree-Eyring). It was concluded that a Ree-
Eyring rheological model together with pressure and temperature dependent viscosity and heat 
conduction can be used to qualitatively simulate transient rheology experiments. 

A localized temperature increase occurs in the lubricant film. It is associated with a viscosity 
decrease and a velocity gradient increase and a "slip plane" is formed. The slip plane will be 
more pronounced as the pressure pulse peak becomes higher until eventually all motion is 
localized to that region. 

The observed contradiction in friction is not viscosity related. The simulation indicated that the 
friction coefficient increased with increasing pressure, for the rheological model used, in total 
contradiction to measured data on a real EHL contact. It was consequently concluded that that 
the frictional properties of the localized shear bands, occurring in the solidified lubricant, were 
the origin of the detected anomaly and refined rheological models are necessary to bring crisp 
clarity to the matter. 
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Introduction 

Tribology is the science of interacting surfaces in relative motion. The word itself comes from 
the Greek work 'tribos' meaning 'to rub' and was first used in England in the 1960s. The term 
was coined in a deliberate attempt to combine the historically independent fields of friction, 
lubrication and wear under one interdisciplinary umbrella, as well as to attach a scientific 
sounding name to applied studies, which they mostly were, at that time. The attempt was 
successful, and the term tribology has found wide acceptance in both science and engineering. 
Today, tribology studies objects such as fluid film bearings, rolling element bearings, gears, 
cams, viscous dampers, human joints, micro electro mechanical systems (MEMS) and magnetic 
storage devices. 

A driving force behind the research on this diverse array of objects is the opportunity to 
achieve immense economic benefits by reducing 'tribo-losses', that is, tribologically related 
expenses. Better understanding of a contact mechanics problem can result in improvements in 
engineering practice that can save billions of dollars. 

In 1966, the Jost Report (incidentally the publication that established the term tribology) 
estimated a potential saving of about £515 million/year, roughly 1% of the British gross national 
product, i f tribological principles were better understood and applied. That prediction took into 
account only friction-induced energy loss and ignored other friction-related costs in regard to 
maintenance, breakdowns, depreciation of machinery, and the like. Potential savings through 
tribology are huge, but are very difficult to quantify rigorously. Yet while the Jost Report clearly 
underestimated the costs of tribological problems, at that time it was dismissed as self-serving 
and exaggerated. 

The economic impact of tribology research and its practical application are discussed by 
writers such as Hutchings (1992) and Rabinowicz (1995). 

History of tribology 

The history of the subject dates back to Thermistius in 350 BC who found that the friction for 
sliding is greater than that for rolling. Expressed in modern terms, this finding led to the 
understanding that the static friction coefficient is greater than the kinetic friction coefficient. 
Then in the 1500s DaVinci noted that the friction force is proportional to the normal force and is 
independent of the area of the sliding surfaces, a principle that was re-discovered by Amontons 
in (1699), and verified by Euler in (1750) and Coulomb in (1785). The coefficient of friction was 
thus considered load independent, and also independent of velocity in the case of dry 
(unlubricated) sliding. In 1886, Osborne Reynolds derived the equation that bears his name and 
relates the pressure in the lubricant film to the geometry of the gap and the velocities of the 
running surfaces. Reynolds' equation is a solution to the governing equations of Newtonian fluid 
mechanics, as proposed by Navier and Stokes, for a thin confined film enabling a three-
dimensional nonlinear equation to be simplified to a two-dimensional linear partial differential 
equation. Solutions to Reynolds' equation have always formed the basis for the design and 
analysis of fluid film bearings, probably due to the relatively straightforward nature of the 
relation. Consequently, many researchers have approached the sub-area of tribology which deals 
with lubrication from a fluid mechanics perspective rather than through numerical methods or 
molecular physics. 
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Introduction 

Heinrich Hertz's (1882) classic paper 'On the contact of elastic solids' introduced solid 
mechanics, as applied to contacting surfaces, to the subject. As pointed out by K. L. Johnson 
(1987) in the preface to his Contact Mechanics, Hertz's theory applied only to frictionless 
surfaces and perfectly elastic solids. Removing the former restriction resulted in more realistic 
consideration of the sliding and rolling contacts of machine elements. Most applications are 
concerned with non-conformal surfaces, which touch first at a point or along a line. Under finite 
load, the region affected by the contact is much smaller than the dimensions of the bodies 
themselves. The contact zone can generally be regarded as a highly localised region of stress 
concentration within the larger body. 

Nowadays tribology is considered crucial to a wide range of applications including high-
temperature engines made of ceramics, machine tools, metal cutting, forming processes and 
biotechnology, to name only a few. Whether counter surfaces are conforming or non
conforming, made of like or unlike materials, lightly or highly loaded, or under steady or 
dynamic loads, the study of tribology is integral to the performance of advanced equipment, 
designed to meet society's rising expectations. The purpose of many tribological studies is to 
predict friction and wear. Friction and wear are due to a summation of the effect of many 
asperity interactions, each of which may be idealised as a micro-contact mechanics problem. 
Much recent solid mechanics-based tribological research deal with models for rough surface 
contact. One of the earliest such models was produced by Greenwood and Williamson (1966). 
The results of most solid mechanics analyses are expressed in terms of stresses and 
displacements, and the relation of these quantities to the global variables of tribological interest, 
namely friction and wear, may not be clear. Experimentation remains the primary mode for 
determining rates of wear and coefficients of friction. Material deformations and the associated 
stresses play an important but little understood role in determining these quantities. 

Rapid advancements in computing power are contributing to the development of even better 
constitutive models, especially for lubrication science. As computers and computer codes 
become more sophisticated, more complex physical and mechanical processes are being 
simulated (see Figure 1). However, achieving a reliable result requires detailed knowledge of 
material behaviour during the simulated event as well as of the physical and mechanical 
processes involved. Knowledge of material parameters is often lacking, which makes 
calculations less reliable. Until such time as friction coefficients or wear rates can be modelled 
mathematically from first principles, experimental approaches wil l trump mathematical analyses 
in the study of tribological processes. 

Friction 

The natural resistance to sliding motion between surfaces caused by the roughness of the 
surfaces and adhesive forces is called friction. Global friction and wear are functions of the 
developed stress from asperity-to-asperity contacts and/or plowing, caused by the mtrusion of 
asperities into smooth surfaces. 

The conditions, from which friction and wear originate, such as sliding and rolling contacts, are 
present either individually or in combination. These motions give rise to tractions at the interface 
for various types of contact, from point or line to circular or elliptical. The traction components, 
normal traction or contact pressure, and tangential traction due to friction are distributed over the 
contact area. 
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Figure 1. Exploded view of a modern truck with a complex drive train suitable for cost efficient numerical 
optimisation since full-scale experiments on these types of applications are costly. 

In most applications, operating conditions are severe and the induced stresses lead to surface 
deformation, either elastic or plastic, while the degree of deformation is affected by material 
characteristics, such as shear strength at the interface of the contacting asperities. Even though 
the compression- and shear induced temperature rise is dramatic, increasing the mobility in the 
atoms, the lubricant ceases to flow and adopts an amorphous molecular structure. Such highly 
loaded contact regions are extremely vulnerable to surface damage. This process is called wear, 
and inevitably leads to costly machine breakdowns and interruptions for repair. 

A common way of reducing wear is to lubricate the interface. Since it is normally easier to 
shear a fluid than a solid, the sliding motion resistance, or friction, decreases i f a fluid is applied 
between the moving surfaces. Applying a sufficient volume of lubricant in the interface thus 
decreases the friction and wear, and contributes to an enhanced operating efficiency. Wear itself 
will not be addressed in this thesis. The focus will instead be on measurement of lubricant 
friction and related properties. 

A lubricant is a material used primarily to separate surfaces in relative motion, but it can also 
serve as cooling agent, additive carrier, corrosion protector, sealer, damper and contaminant 
conveyor. Many lubricated surfaces operate with very thin fluid films. Greater accuracy in 
manufacturing, higher purity of materials, improved lubricants, the reduced weight of machines 
and higher power density are propelling a trend towards even thinner films. Lubrication in such a 
hostile global environment is often referred to as elastohydrodynamic lubrication (EHL) and is 
characterised by moving and elastically deformed surfaces, high contact pressures, lubricant 
compression and often high shear rates. 

In order to develop better lubricants and machine elements, it is important to understand how 
the lubricant and the surfaces interact. Thus investigations of transient EHL involve experiments 
in which frictional properties derived from simultaneous normal and transverse forces are 
studied under impact conditions. Pressures up to 4 GPa and a loading duration of merely 200-
400 us make accurate measurement challenging. 

The desire to optimise profit is one of three forces (the others being human health and military 
advantage) that are powerful enough to control the direction of research. Prolonging the life of 
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machines and increasing their efficiency by reducing wear and friction are two easily measurable 
factors contributing to profits. I f friction could be controlled and optimised in all respects, the 
worldwide reduction in the use of resources (and the subsequent environmental benefits) would 
exceed the benefits envisioned by the Jost report by several orders of magnitude. However, this 
wil l remain a Utopian dream until we have more knowledge of the control parameters affecting 
frictional build-up, enabling us to implement friction control with surgical precision in all 
existing applications. 

Review of related contributions 

Several attempts have been made to study transient EHL with a focus on friction. Ramesh and 
Clifton (1987) used inclined plate impact to investigate transient phenomena in lubricant films. 
Bair and Winer (1990) used high-pressure viscosimetry to investigate friction under slowly 
varying shear rates. None of these studies succeeded in reproducing loading times and other 
conditions representative of practical EHL situations. 

Jacobson (1985) and Höglund (1989) used steel balls impinging a flat lubricated surface from 
an oblique angle, but their methods were not capable of recording the time histories of the forces 
during the impact, and hence the outcomes are an average of the friction coefficient during the 
impact event. However, they have shown that a jumping ball describes transient lubrication in a 
representative time scale at relevant pressures for practical EHL situations. 

Winer (1984) presented an interesting overview of the understanding of thermal phenomena in 
elastohydrodynamic contacts in the late 1970s and early 1980s. The temperature rise Nagaraj et 
al. (1978) suggested would occur in a highly loaded elastohydrodynamic (EHD) contact agrees 
well with the result obtained from the thermal study undertaken in Paper E. Winer discusses 
temperature rises in the bulk lubricant and Blok's flash temperature concept in detail, but claims 
that an increase in lubricant temperature decreases friction, a statement to which I will return in 
the following section where the findings in paper D are discussed. 

Pressure-dilatation measurements have been performed by researchers such as Hamrock et al. 
(1987), who made static measurements in the pressure region 0.4 to 2.2 GPa. These 
measurements were carried out without transient loading and neglecting the associated 
temperature rise, making the method less suitable for transient EHL purposes. Feng and Ramesh 
(1993) performed plate impact experiments, but the time scale was much shorter (1 u.s) than for 
practical EHL cases. Furthermore, the instrumentation and theory allowed no histories to be 
recorded, and hence a lot of experiments were needed to cover a wide pressure range. The work 
presented in this thesis allows continuous pressure-dilatation measurements to be recorded at 
pressures and time scales relevant to a real EHL contact. 

A classic paper in the experimental and computational area is that of Johnson and Tevaarwerk 
(1977). These authors propose a rheological relation valid for the whole range of isothermal 
lubricant behaviour, from the linear viscous to nonlinear viscoelastic region. They acknowledge 
that at high pressures and shear rates, an elastic/perfectly plastic model (such as the one 
suggested by Prandtl-Reuss) is more suitable. The authors observe that the maximum friction 
coefficient measured for different oils (nearly independent of base viscosity and temperature) is 
approximately 0.08, due to the relatively constant quotient between activation volume for 
pressure and shear, a finding that is supported by the measurements in paper D. 

Bair et al. (2001) attempted to map the temperature, pressure and time dependence of 
lubricants using a free volume model. They found that for viscous traction the pressure-viscosity 
behaviour is often greater than exponential and that the compression characteristics of the EHL 
transit time have no significant effect upon this behaviour. This finding indicates a need for more 
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precise quantification of viscosity relations than is provided by exponent-based models such as 
the Barus pressure-viscosity relation in order to improve numerical accuracy and reveal more 
about tribological phenomena. 

Thermal effects in elastohydrodynamic lubrication have also been studied by Yang and Wen 
(1990), who found that the influence of the non-Newtonian behaviour of lubricants on numerical 
solutions to the line contact problem is not as important as that of the thermal one. 

Bair et al. (1993) used a high-pressure flow visualization cell to picture the development of 
shear bands, vastly different from mechanically induced. They also performed a thermal analysis 
yielding singularities in velocity profiles, highly regionalized to the centre of the film, at certain 
boundary conditions. 

The final major contribution to be mentioned in this review is the milestone paper by Evans 
and Johnson (1986). These authors thoroughly discuss the rheological regimes of behaviour of a 
fluid as pressure, temperature and shear strain rate change. They cover almost all aspects of 
traction in the different regimes a lubricant endures during severe loading. 



Introduction 
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This contribution 

This thesis introduces a new evaluation method for use in studies of friction and density. The 
method provides quantitative information about lubricant properties as well as qualitative 
explanations of the phenomena discovered, permitting more accurate computer simulations of 
thermal elastohydrodynamic lubrication (TEHL) during transient conditions. 

The lubricant friction coefficient is defined as the quotient between the transverse and normal 
forces in the contact. Consequently, friction-related phenomena can only be studied i f these 
forces can be measured. Under quasi-static conditions, force transducers are used to measure 
forces, but this equipment would suffer permanent damage i f used in EHL conjunctions. The 
conceptual design of successful test equipment must therefore incorporate application of 
representative EHD loading to a non-instrumented surface and remote measurement of the real 
time response. 

Paper A is a preliminary study of the potential of a new method for evaluating the friction 
coefficient in elastohydrodynamic lubrication, using wave propagation theory to replace the 
early Luleå jumping ball apparatus (Jacobson, 1985). The method presented uses fast Fourier 
transforms (FFTs) to analyse propagating waves resulting from an oblique impact on the end 
surface of a beam. Both non-dispersive compression waves and dispersive flexural waves are 
generated. Using FFTs of two lateral acceleration histories and Euler-Bernoulli dynamic beam 
theory (see Doyle, 1997), the acting forces in the lubricated conjunction can be determined as a 
function of time. The relation between the tangential and normal force histories reveals the 
frictional properties at the impact as a function of time. It is thus possible to observe variations in 
frictional properties during loading and unloading (typically 200-400 us in ball bearings and 
gears). 

The set-up consists of a 5 metre instrumented cylindrical steel rod hanging vertically with its 
lower end free. The free end is lubricated with the designated specimen, and a 50 mm hand-held 
steel ball from a roller bearing is struck at the end plane from an oblique angle, creating normal 
and transverse forces (see Figure 2). Due to the non-dispersive nature of the compression wave, a 
pair of strain gauges was sufficient to determine the normal force. A different approach was 
needed to determine the transverse force due to the dispersive behaviour of the flexural wave. By 
measuring transverse accelerations at two points and applying first order dynamic beam theory to 
the Fourier transforms of the acceleration histories, the flexural wave can be back-propagated to 
the impact region and translated into both force and moment at the end plane. 
The equation of motion for the system is: 

EIwXXXI+pAw = 0 (1) 

where ( ) and (') denote differentiation with respect to the x-coordinate and time respectively. 

Young's modulus E, the area moment of inertia /, the density p and the cross-sectional area A are 
all constant along the beam, w represents the centreline deflection of the rod. A general harmonic 
wave solution is introduced, and by using the known relation between displacement and shear 
force the corresponding relation for the transverse force (in a spectral representation) is described 
in equation (2), along with the non-dispersive normal force (hence time function) in equation (3). 
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Figure 2. Experimental set-up, for calibration purposes, of the earliest version of test equipment for transient 
lubricant friction measurements using first order dynamic beam theory. 

% = - r f - [ ( i + / ) a , - ( f a + m ) a , j (2) 

N{t) = AEe{t + t0) (3) 

Ta represents the transverse force in the frequency domain at position zero on the x-coordinate 

pA 
axis, co is the angular frequency and ß4 = ̂ —. a, and a2 are the FFTs of two measured 

EI 
acceleration histories at two different positions along the x-axis (xj and x 2 ) while 
m = e~fi - and n = e"ß*^Xl. fti equation (3) £ denotes strain in the x-direction and to describes 
the travel time of the compression wave between the impact zone and the position of the strain 
gauges. The required time function of the transverse force is obtained by using an inverse 
Fourier transform to return equation (2) to the time domain. Due to the non-dispersive nature of 
the compressive wave, the normal force is accurately determined by multiplication of a gauge 
factor to the output signal of the strain gauges (which were paired to suppress bending moment). 

The study showed that the suggested method is capable of simultaneous measurement of 
normal and transverse force histories, with good time resolution, during an impact event, making 
it suitable for studies of friction phenomena. The accuracy achieved was encouraging (see Figure 
3), but could be improved by using a more exact evaluation model and optimally chosen 
parameters. These changes were made in the study reported in paper C, where first order 
dynamic beam theory (Euler-Bemoulli) was replaced with second order dynamic beam theory 
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(Timoshenko, 1955), including compensation for shear deformation, rotational inertia and point 
masses. 

3 4 5 6 7 
Time [ms] 

Figure 3. Comparison between the measured transverse calibration force and the force calculated from the 
accelerometer responses, in relation to the dispersive flexural waves induced by the loading, using equation 
(2). 

It was also observed that this method can be used to study transient friction phenomena (e.g., the 
friction coefficient for the dry contact case appears to vary during the impact) and that a 
lubricated contact can easily be distinguished from a dry contact (see Figure 4). 
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Figure 4. Normal- versus transverse force for an unlubricated and a lubricated impact. 
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A review of experimental techniques for high-rate deformation smdies by Field et al. (1998), at 
the University of Cambridge, recognised the technique presented in paper A as a major 
development in split Hopkinson pressure bar system testing. 

In order to calculate film thickness, pressure distribution and friction in an EHL conjunction, it is 
necessary to comprehend and have a model of the physical and mechanical behaviour of 
lubricants. A crucial factor is the determination of the dilatation-pressure relationship of the 
lubricant. The most widespread and commonly referenced model is that of Dowson and 
Higginson (1966). The model was developed using data from static experiments up to 400 MPa. 
However, it does not distinguish different types of lubricant by associated constants or functions, 
which makes it unsuitable for modelling transient lubrication at relevant EHD contact pressures 
(which far exceed 400 MPa). 

Paper B made use of a modified split Hopkinson pressure bar (SHPB) set-up (Färm and 
Sundin, 1994). This set-up enabled tests at relevant conditions, that is, where the loading 
duration is in the range of 200^100 us and at pressures of almost 2 GPa. 

Surface perpendicular 

Figure 5. Experimental set-up for the SHPB system. 

The experimental apparatus consisted of two instrumented pistons fitted into a cylindrical 
container for lubricant confinement and loading (see Figure 5). The container was designed with 
an insert made of cemented carbide that is pre-stressed using a shrink-fit assembly of five rings 
of high alloy steel. The specimen cavity was cylindrical with a diameter of 0 8 mm and with a 
variable length of between 2 and 5 mm. The pistons were carefully ground and individually 
fitted to the cylindrical hole to minimise leakage while avoiding metal-to-metal friction. A 
projectile impacted the free end of the main rod, generating an elastic wave that propagated 
through the lubricant sample and the extension rod. The pressure-dilatation relation is 
determined from the recorded strain gauge signals in the two rods during the event. One-
dimensional wave propagation theory is used to calculate pressure, dilatation and dilatation rate 
at the contact between the confined lubricant volume and the pistons. The evaluation procedure 
is based on the same principle as previously described. The compression wave here is non-
dispersive and is treated the same way as the normal force in paper A. Consequently it delivers a 
complete pressure-dilatation curve per test instead of a single data point. 

Two lubricants, a naphthenic mineral oil and a synthetic oil, 5P4E, were tested under adiabatic 
conditions and at pressures up to 1.5 and 1.9 GPa respectively. The following empirical relation 
is suggested for the transient adiabatic pressure-dilatation relation for the oils. 
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(4) 

The two adiabatic material constants c\ and ci are determined in the experiment. In Figure 6, the 
results from this investigation are compared to models suggested by Dowson and Higginson 
(1966) and Feng and Ramesh (1993). These models were extrapolated to enable comparison at 
relevant EHD pressures. It was found that the presented transient adiabatic pressure-dilatation 
relation is significantly stiffer at higher pressures than suggested by Feng and Ramesh. However, 
the relation has no asymptotic limits (as both Feng and Ramesh's and Dowson and Higginson's 
studies have). From a physical viewpoint, the only acceptable asymptote is 100% dilatation since 
a compression of a fluid to zero volume requires infinite pressure. 

Present investigation 
(extrapolated) . 

Dilatation AV/K 

Figure 6. Comparison of measurements by Feng and Ramesh (1993), Dowson and Higginson (1966) and the 
present investigation of the synthetic oil 5P4E. Solid lines indicate measured values and dotted lines 
extrapolated values. 

All experiments were conducted in an adiabatic environment, for the oil volume was large and 
the loading was rapid. The duration of the transient loading-unloading cycle is approximately 
200 us, which results in negligible heat loss. In EHL applications, especially with ultrathin oil 
films, the compressed oil volume is sufficiently small (film thickness of approximately 300 to 
800 nm) that all generated heat is dissipated during the impact. In such cases, it is safer to 
assume isothermal behaviour. To broaden the area of application, all adiabatic experimental 
values were recomputed to isothermal equivalents. 
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Two isothermal constants, I\ and h, can be calculated using the coupled heat equation (see Fung, 
1965) as c\ and ci are known, creating a similar expression to equation (4), for isothermal 
calculations: 

AV IAV 
(5) 

The relations between the two adiabatic and isothermal constants are described in equations 6a-b 
and a detailed derivation of the adiabatic-isothermal relation is provided in appendix A. 

I, +71 

T 
2 2 

J L 
PA 
( P2 . 

PoCv p0cv 

(6a) 

(6b) 

In the equations above, To represents the reference temperature, p0 is the density of the lubricant 

at atmospheric pressure, Cv stands for the specific heat at constant volume and ß is the 
coefficient of thermal expansion. 

2 

1.5 

0.5 

..•/ 

/ 

y 
5P4E adiabatic 
5P4E isothermal 
Naphthenic adiabatic 
Naphthenic isothermal 

) U g - " " i i i i i I 

0 0.05 0.1 0.15 0.2 0.25 0.3 
Dilatation AV/V0 

Figure 7. Comparison of the measured adiabatic- and calculated isothermal dilatation-pressure relation (the 
loading phase) for the two oils. 

A significant observation from Figure 7 is that the difference between the adiabatic and 
isothermal dynamic behaviour of the compressed oils is small. As expected, the pressure is larger 
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in the adiabatic case for the same dilatation (due to the temperature-induced volumetric increase 
that resists compression). However, the pressure is only a few percentage points larger in the 
adiabatic case, making it unnecessary to distinguish between adiabatic and isothermal material 
data in practical dynamic calculations. It appears that time-dependent processes on the molecular 
level account for the differences between the static (isothermal) and dynamic behaviour of 
lubricants. 

Study B found that dilatation-pressure relationships can be determined up to pressures of 2 
GPa and with loading times comparable to those found in lubricated contacts in bearings and 
gears. A mathematical model, in the form of a polynomial of second degree, was developed by 
curve fitting, and compared to other well-known relations. An isothermal study of the data was 
also undertaken. Only a small difference was observed between adiabatically measured and 
isothermally calculated data, indicating that the effects of an adiabatically induced temperature 
rise are slight. 

Paper C addressed the concerns expressed in paper A regarding the need for enhanced 
measurement precision i f the method, which showed itself capable of measuring the transient 
forces acting in an EHD contact, was to provide reliable and useful results. Extremely accurate 
measuring tools are needed to differentiate lubricants on the basis of their frictional properties, 
for the difference mostly lies in the second significant digit. For study of the effects of thermal 
properties, the accuracy must be even better. Thus the study in paper C was designed to enhance 
the measurement precision in order to contribute to the field of transient frictional measurement 
and enable the study of such things as the dependence of contact temperature on friction. 

The set-up for paper C was also based on the principle of a steel ball impinging on a flat 
surface at an oblique angle, and the end product enabled the force histories of the contact to be 
measured during the impact (see Figure 12) with high accuracy and reproducibility. The 
modified method used the theory of axial and flexural wave propagation in a straight beam, but 
used second order dynamic beam theory to evaluate normal- and transverse transient forces at 
the flat end of the beam. The transverse force is obtained from two lateral accelerations 
measured using spectral analysis. The transverse equation of motion for a dispersive mechanical 
system, as defined by Timoshenko (1955), was used in the analysis (see equation 7). 

Both shear deformation and rotational inertia of the beam were considered. The evaluation 
model also took account of the inertia of the upper accelerometer and the tungsten carbide end 
plate. These effects were considered important because of the high accelerations and the high 
frequency components generated by an impact. The corresponding equation describing the 
transverse force is shown in equation 8, and a graphical representation of included parameters 
can be seen in Figure 8. 
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In addition to the previously described parameters, the distance between the centre of gravity for 
the tungsten carbide endplate and the upper accelerometer is l\, while A: is a geometrically related 
correction term and G is the shear modulus. K\ and are the two wave numbers, <ä, and å2 the 

upper and lower acceleration histories in spectral form and co is the angular frequency. Two 

functions: m = e'r'x* and n = e'KlH , were introduced, in which x 2 represents the distance between 
the contact point and the lower accelerometer, while m\ is the tungsten carbide endplate mass 
and mi is the upper accelerometer mass. The time function T0(t) was found by inverse Fourier 

transformation of equation (8), yielding the desired time history of the transverse force. The end 
moment MQ(I), due to off-axis impact of the normal force No(t), can also be calculated, but is of 
only secondary interest. The stepwise derivation of formulas (7) and (8) is presented in appendix B. 

Figure 8. Graphical representation of the parameters included in the dynamic beam equation, expressing the 
system's transverse force as a function of Fourier decomposed accelerations, equation (8). 

The experimental set-up Figure 9, had been improved in regard to the attachment of the 
accelerometers and the application of the forces. The accelerometers were attached to the rod by 
a screw thread, and a moving sled controlling the 50 mm steel ball had been mounted on the 
apparatus to enable accurate and repetitive impact loading to the lubricant. The instrumented rod 
was also moved to an upright position, enabling more accurate and uncomplicated loading, and 
its length was reduced to 4 metres. The rod was still sufficiently long for the travel time to 
prevent reflexes of the incident wave from reaching the EHD zone, where they would interfere 
with the measurements. A mixed lubrication detection system was also introduced to ensure that 
measurements were only made on full film lubrication. Applying a potential difference of 100 
mV between the rod and the ball meant that the breakdown of lubricant film, i f any, could be 
observed on an oscilloscope as an equalisation of potential. When such a breakdown occurs, the 
frictional data generated fluctuates erratically and is inconclusive. Al l such data were omitted 
from the study since the ful l film criterion had not been met. Finally, Lab View® software was 
used to create a new user-friendly interface for the complete operation, including data 
acquisition, numerical manipulation and graphical representation. 
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Figure 9. Experimental set-up of the Ball and Bar apparatus. The instrumented hammer is solely for 
calibration purposes. 

Upon calibration, a transverse impact was applied with a factory-calibrated impact hammer 
diametrically opposite the accelerometers and as close to the upper end plane as possible. The 
signals were recorded, and those from the two accelerometers were Fourier transformed to the 
frequency domain before being used as numerical input in equation (8) to obtain the transverse 
force. The acceleration histories from a transverse impact exhibit differences due to the 
dispersive nature of the flexural wave and the distance between the accelerometers. Since 
different frequencies travel at different speeds in the medium, dispersive waves tend to broaden 
and distort with the distance covered. Comparison of the measured true force from the 
calibration instrument and the force calculated from the accelerometer responses showed that the 
calculations were remarkable accurate (see Figure 10). The slight discrepancy in the shape of the 
curves after the impact results from the dynamic behaviour of the instrumented hammer, and is 
unimportant given the accurate theoretical description of the actual event. 
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Figure 10. Graphical representation of the coincidence between calibration force (measured) and evaluated, 
dispersive, transverse force. 
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Figure 11. Graphical representation of the coincidence between calibration force (measured) and evaluated, 
non-dispersive, normal force. 
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As previously mentioned, the non-dispersive compression wave originating from the impact 
enables accurate determination of the normal force without using wave propagation theory, 
merely by translating the time domain of the strain gauge signal (see Figure 11). 

An actual measurement of the force histories on a common synthetic lubricant at three different 
pressures is presented in Figure 12. It is clear that the time window of the impacts seems to vary 
with pressure. The elastic behaviour of the lubricant at higher pressures and the geometry of the 
impacting ball shorten the impact duration. (This is most easily detected when comparing the 
time distribution of the normal forces). A tendency to skewing of the curves (non-symmetrical 
about the maximum pressure) is also evident. It becomes even clearer i f the quotient of the 
transverse and the normal force is taken, yielding the friction coefficient (see Figures 13a-c). 
The skewing effect originates from differences in frictional properties between solidified and 
fluid lubricants (and the time that the lubricant spends in each phase during the transient 
loading). A detailed discussion is carried out later in this section, in connection to the 
presentation of paper D. 

Figure 12. Force histories from actual measurements of a polyalphaolefin (PAO) synthetic base oil at three 
different pressures at room temperature. Blue curves indicate normal forces and red curves indicate 
transverse forces. 

Figures 13a-c show the development of the friction coefficient during impact for five different 
oils at three different pressures, for three independent measurements on each lubricant. The 
curves are presented only for the region where the normal force exceeds 50% of the maximum 
pressure. This is chosen since erratically high friction coefficients are produced as the normal 
force (being in the denominator when calculating the friction coefficient) approaches zero. The 
closeness of the friction coefficient curves of the lubricants at each test shows that the 
reproducibility is high. The forms of the curves indicate that friction conditions change during 
the loading and unloading sequences, and that friction is at a maximum when the normal force 
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peaks. A possible explanation for this phenomenon may be that the high pressure transforms the 
lubricants into an amorphous solid-like state. After the peak in the friction coefficient (which 
corresponds to the peak in pressure) the friction coefficient decreases by approximately 5-15%. 
The only case where this decline did not occur is shown in Figure 13a, and represents the 
minimum reliable limit with respect to load application for the apparatus. 

There are measurable differences between the lubricants under the test conditions due to their 
chemical and thermal properties. Long straight molecules like PAO, esters and polyglycols are 
relatively flexible and deform easily when subjected to pressure. The molecules in well-refined 
mineral oils such as the naphthenic or paraffmic oils have fewer possibilities when it comes to 
adopting different kinds of configurations, and the oil is therefore expected to have stiffer 
behaviour (Höglund, 1999, and Tuomas et al., 2001). 

Figure 13a. Friction coefficient as function of time for five different lubricants at a 1.4 GPa peak Hertzian 
pressure. Three consecutive measurements were performed on each specimen and the resulting data is 
unfiltered. 
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Figure 13b. Friction coefficient as function of time for five different lubricants at a 2.0 GPa peak Hertzian 
pressure. Three consecutive measurements were performed on each specimen and the resulting data is 
unfiltered. 

Figure 13c. Friction coefficient as function of time for five different lubricants at 2.5 GPa peak Hertzian 
pressure. Three consecutive measurements were performed on each specimen and the resulting data is 
unfiltered. 
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The multiple measurements at different pressures reveal a general tendency for the friction 
coefficient to decrease as the pressure increases (compare Figures 13a-c). A physical explanation 
of this phenomenon requires detailed studies of governing parameters in an EHD conjunction. A 
thorough analysis of the observed frictional phenomena is presented in the next paragraph in this 
section, along with applied research on selected lubricants. 

This investigation indicated that the proposed method is capable of simultaneous measurement 
of normal and transverse forces during an impact event. The achieved accuracy, time resolution 
and pressure endurance is remarkably good. Consequently, this method can be used to study 
transient friction phenomena during relevant EHD pressures. 

The seemingly contradictory finding that the friction coefficient increases with increasing 
pressure but simultaneously decreases with increasing maximum pressure across tests is a 
puzzling phenomenon that merits investigation. It is unlikely that this phenomenon can be 
explained in terms of differences in transient frictional properties due to additives, for the 
lubricating film thickness is on the macro-scale compared to lubricant molecule length, and the 
full film criterion was met in all test cases. Most likely, the contradiction can be traced back to 
thermal effects in the contact. As pointed out earlier, detecting these effects puts the accuracy 
demand, of the experimental apparatus, to its edge. 

Paper D reports on the use of the experimental technique developed in paper C to measure the 
frictional characteristics of a variety of commonly used lubricants and model hydrocarbons. The 
aim was to explain the observed frictional phenomenon from a thermal point of view and to 
obtain a set of accurate friction coefficients for computational and development purposes. 

The measuring technique described in paper C was further refined with temperature adjustment 
capabilities in the range between 20-80 °C (for both the ball and the bar), enabling measurement 
of frictional properties with different initial temperatures of the lubricant and contacting surfaces 
(Figure 14). 

The choice of lubricants and base fluids for this study was based on their industrial significance 
and relevance to fundamental research as model hydrocarbons and blends (Table 1). The base 
oils and fully formulated lubricants span a representative range of synthetic (synthetic ester, 
polyalphaolefin, polyglycol and polyphenyl ether) and mineral base oil blends. The lubricants 
were tested for the correlation to friction of viscosity, viscosity index (VI), pressure-viscosity 
coefficient, polarity and molecular branching. None of these properties were found to correlate to 
the actual frictional behaviour. The focus then shifted to lubricant properties affecting contact 
temperature, such as heat storage and conduction. 
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Figure 14. Experimental set-up consisting of instrumented rod, ball (heated in a separate oven, not shown) 
supported by a sled on a track, insulated housing with lid (not shown) and a heating gun with thermostat. 

Table 1. Bulk properties, for the tested lubricants, obtained from Statoil Lubricants Sweden. 

Tested lubricant Density Kin. viscosity VI 
[kg/m 3l 40/100°C [cSt] 

A 2,6,10,15,19,23-hexametyltetracosane, Squalane 795 19.3/4.1 99 
B TMP-C8.,o, Polyolester 928 19.5/4.3 130 
C TMP-C 1 S : ) , Polyolester 904 46/9.5 136 
D 5P4E, Polyphenyl ether 1198 383/13.1 Neg 
E VG 150, Polyglycol 1002 132/22.3 198 
F VG 150, Naphthenic 100% 920 157/10.4 n J 
G VG 32, Naphthenic 50%, Paraffmic 50% 883 30/4.9 71 
H VG 68, Naphthenic 50%, Paraffmic 50% 890 66/7.4 58 
I VG 150, Naphthenic 50%, Paraffmic 50% 903 147/12.3 63 
J VG 150. Paraffmic 100% 888 148/14.5 97 
K VG 46, PAO, SL 98-202 816 45.7/7.7 136 
L VG 150, PAO 864 141/19 150 

The results of this study are presented in Appendix C, with exception for frictional data for some 
of the lubricants at the lowest pressure. Those values were fluctuating erratically due to asperity 
interactions during the tests since the full fdm criterion could not be met. The latter was 
established using the detection system discussed earlier in this section and hence, the 
corresponding frictional values were excluded from the study. 

The results clearly support the finding that the friction coefficient undergoes a change during 
the impact process (see paper C). Real-time smdies of friction build-up reveal that the friction 
coefficient increases with contact pressure during each impact; however, it is equally clear that 
when different impacts are compared, the friction coefficient decreases with higher peak 
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pressure. The latter observation has also been reported by Workel et al. (2001), but no 
explanation has so far been attempted. 

The tables showing the friction coefficients for the tested lubricants (Tables 1-3 in Appendix 
C) reveal that the maximum measured friction coefficient is approximately 0.08, except for the 
highly pressure-viscosity dependent 5P4E lubricant, which peaks at 0.1. Johnson and 
Tevaarwerk (1977) explain this phenomenon in terms of activation volumes for pressure and 
shear. 

Access to lubricants with different thermal properties and to a test-rig with the ability to 
successively change test parameters in an EHD environment led to the formulation of a 
speculative, but permissible, hypothesis: the friction build-up and decay in a lubricant is affected 
by its thermal history. A high thermal conduction coefficient Å or a high product of density and 
specific heat (pCp) decreases contact temperature, favouring solidification of the lubricant, and 
has been shown experimentally to lower friction (see Appendix C). A thermal investigation of a 
variety of lubricants, with a wide spectrum of thermal properties, at different running parameters 
and initial conditions fully supported this hypothesis, resulting in a theory that the friction in the 
solidified lubricant is lower than that of a fluidized lubricant at equal pressure. 

Alsaad et al. (1978) reported the possibility that glassy lubricants do not have time to flow in 
the EHD contact, but cleave somewhere in the film so that solid layers of lubricant adhere to the 
contact surfaces and slide over each other. They also suggested that because the glass transition 
state was not in thermal equilibrium, the thermodynamic history would have considerable 
influence on the structure, transition and properties in the glassy state. 

A phase diagram from Ohno et al. (1999) appeared relevant to these findings (see the 
schematic representation in Figure 15). 

Figure 15. Schematic representation of the phase diagram (Ohno et al., 1999) for a lubricant with four 
suggested pathways, corresponding to three different loading histories (with different max pressures) and a 
pathway corresponding to a different initial temperature for otherwise identical loading characteristics (1.4 
GPa). 

The diagram suggests that with increasing maximum pressure, the lubricant moves deeper into 
the region of the solidified (low friction) phase, thereby decreasing the overall friction. It also 
indicates that an increase in the initial temperature works against solidification and thus increases 
friction, see Figure 16, in contradiction to Winer's (1984) claim that the reverse is true. 
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From Figure 15 it can also easily be seen that the lubricant resides in the solidified region for a 
longer time during the loading (up to maximum pressure) than during the unloading, due to the 
compression and shear induced heat favouring re-liquefaction. I f the suggested hypothesis is 
correct and the solidified phase is indeed easier to shear (once cracked) than the fluid phase, the 
friction coefficient for the first half should consequently be lower compared to the later half, and 
a tendency of skewing should be noted. This tendency can indeed be seen in Figures 13a-c, and 
can thus be explained in the light of the suggested theory. 

hi order to fully extract all information from the diagram, a full numerical solution has to be 
developed that would enable plotting of the temperature trace as a function of applied pressure. 
That information is necessary to draw exact pathways in the diagram, finalising the suggested 
theory. An attempt to do so is undertaken in paper E. 

Figure 16. Friction coefficient, for nine different lubricants, as function of initial temperature at 2.5 GPa 
Hertzian maximum pressure. The lubricants are labelled consistent with Table 1. 

The research reported in study D led to the conclusion that the refinements, made to the 
experimental set-up, allowed accurate measurement of the frictional properties of lubricants, 
with high time resolution and at different initial temperatures. Appendix C presents frictional 
data on twelve different lubricants at three relevant EHD pressures and initial temperatures, 
along with graphs showing the friction dependence of the heat conduction coefficients and the 
product of their density and specific heat. It is also concluded that the thermal properties of 
lubricants play an important role in controlling contact temperature and thus friction. Further, the 
friction seems to be lower for a vitrified lubricant than for a fluid, subject to the same set of 
global conditions. It is clear that there is a great need for a full numerical study of transient 
thermal phenomena in an EHD environment. 

In papers C and D it was reported that the friction coefficient undergoes a change during the 
impact process and real time studies of friction build-up revealed a puzzling contradiction. 
Basically, the contradiction consisted of a traditional increase of friction coefficient with 
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increasing pressure due to increasing viscosity, and a decrease, with increasing maximum 
pressure between tests, of thermal origin. 

In most lubricants, the viscosity decreases as the shear strain rate increases due to the 
combination of shear thinning effects, caused by the orientation of the molecules in the direction 
of shear, and local heating. The shear strain rate in EHL varies considerably from pure rolling 
conditions to sliding motion and thin lubricant fdms. The transition from Newtonian behaviour 
to non-Newtonian depends on the type of molecules but is also greatly influenced by pressure 
and will occur at lower and lower shear strain rates i f pressure is increased. I f the shearing is 
continuous, the yield stress of the solid film will be reached and a stress limit occurs, the so-
called limiting shear stress. The failure mechanisms, which cause the stress limit, are still not 
fully understood. 

Rheological models such as the Ree-Eyring model, Johnson and Tevaarwerk (1977), 
encompass limiting behaviour and i f the above mentioned friction contradiction is viscosity 
related as an alternative, a simulation with an accepted nonlinear viscoelastic model would 
demonstrate the same behaviour as detected in experiments. However, i f the simulation does not 
support the tendencies seen in the measured results, the solution to the observed friction 
contradiction must be concealed in the frictional properties of the solidified lubricant. 

The Åhrström friction contradiction itself is worthy of further research, however justification 
of the suggested hypothesis: that the friction coefficient in a breached solidified lubricant is 
lower than that of a fluid during the same set of global conditions is the primary objective for 
this investigation. 

In paper E , a numerical study of the shear stress- and temperature profile in a fluid film, in 
between two infinite plates in relative motion, was performed. The basis was a simplified model 
of a body impacting another from an oblique angle, encompassing both transient compression 
and shear, in order to reproduce the conditions in the Ball and Bar apparatus. The lower plate 
was stationary and the upper plate moved in the positive .vi-direction with speed vi, see Figure 17. 

Solid 2 

2 

Fluid 

1 

Solid 1 

r=7"o 0 

Figure 17. Schematic figure over the non-dimensional, included quantities in the numerical model. 
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Thin film assumptions applied on the general thermal energy equation, e.g. Fung (1965), yielded 
the simpler and more useful equation for EFTD purposes: 

C, 
d_ 

dv. 

87 
+ cr„ 

ay, 

dx. 
+ £ j (9) 

Cp denotes specific heat at constant pressure, p denotes density, T stands for temperature, V3 is a 
velocity component. Furthermore, Å denotes the coefficient of thermal conduction, Oi3 is a 
deviatoric shear stress component, £p is the volume expansivity, p indicates pressure while 

— and —— represent differentiation with respect to time and spatial coordinate, in the X3-
dt dx} 

direction, respectively. The complete derivation of the thermal equation to be numerically solved 
is presented in Appendix D. 

Two different rheological models have been utilized, one nonlinear viscous model, Eyring 
(1936): 

dx, u 

f <7> (10a) 

and one nonlinear viscoelastic model (Ree-Eyring) Johnson and Tevaarwerk (1977): 

^ L = A f ftp i a< 
dx3 dt\G ) p 

•sinh (10b) 

In addition to previously described parameters — L = y l 3 denotes the velocity gradient (rate of 

a*3 

deformation or shear strain rate), p is the dynamic viscosity, cr0 denotes the Eyring stress and G 

is the bulk modulus. 
All simulated transient events have been studied with both, previously mentioned, rheological 

models. The results were virtually independent of the rheological model that was used, due to the 
high pressures prevailing, and consequently the presented results originate from simulations 
using the nonlinear viscoelastic model, equation (10b), only. 

Determination of certain constants in the solution to the nonlinear differential equation, 
equation (9), was only possible i f a necessary set of boundary conditions were established. By 
utilizing global equilibrium, conductive equilibrium in the fluid to solid transition and constant 
temperature in the outermost boundaries the equations were non-dimensionalised, encoded into 
Matlab* 6.5 and solved numerically and iteratively with a central difference method yielding 
solutions to the temperature- and velocity gradient field along with friction coefficients, Figure 
18-20. The residual error of both temperature and shear stress was never set above 10"7 to ensure 
accurate solutions even though CPU time suffers greatly. 

A suitable number of grid nodes (determined so as to yield a grid-independent solution) was 
found to be 600 nodes distributed linearly in the fluid, 150 nodes in the solids, non-uniformly 
distributed, following a third degree polynomial accounting for high resolution in the area closest 
to the solid-fluid intersection where gradients are large and 512 time steps for sufficient time 
resolution. Thermo-physical properties of the tested paraffmic mineral oil, PAM are shown in 
Table 2. 
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Table 2. Properties of the tested paraffinic mineral oil at 20 °C and at atmospheric pressure. r\ denotes 
viscosity, a denotes pressure-viscosity coefficient, ß indicates the temperature-viscosity coefficient and X is the 
heat conduction coefficient. C p and p denotes specific heat at constant pressure and density respectively while 
G denotes tangent bulk modulus. Lubricant properties were obtained from Statoil Lubricants Sweden. 

Lubricant n a ß Å cP P G 
[Pas] [Pa 1] 

r°K-'i 
[W/m 2 ] [J/kg°K] [kg/m 3] [Pa] 

PAM 0.15 2.610"8 0.03 0.13 1934 884 1.3 109 
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Dimensionless time 

Figure 18. Dimensionless temperature distribution for a PAM at 20°C subjected to a velocity gradient /of 

10s s"' and a transient pulse with a maximum Hertzian pressure of 2.0 GPa with duration 200 us. 

Figure 18 clearly shows that the heating is most significant in the centre of the film, reaching 
52°C, favouring the formation of shear bands as a consequence of the local temperature-induced 
decrease in lubricant viscosity. As pressure is removed, the fluid is cooled rapidly to its former 
temperature indicating that the heat energy associated with volumetric compression is the main 
mode for heating while shear induced heat is not that significant in the context. In accordance 
with the conditions prevailing in the Ball and Bar apparatus a relatively low velocity gradient of 
merely y< 105 s"1 is used, accounting for the near absence of shear heating. It is also evident that 

the loading duration is transient since virtually no heat is transferred to the surrounding solids. 
Even though heat transfer is allowed, the lubricant will not manage to convey the induced heat, 
due to its low coefficient of thermal conduction, during the short time window of the event. 

The dimensionless velocity gradient in the fluid, as a function of time, was also calculated and 
is presented in Figure 19. A pure Couette velocity profile (constant velocity gradient throughout 
the film) is prevalent in the beginning as the plates merely translate before the pressure pulse is 
applied. As the transient loading commences pressure- and shear driven temperature increases in 
a localised region in the centre of the contact, lowering the lubricant viscosity and thus 
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canalizing the shear to the mid-section of the film. Due to the inertia in the heat conduction, the 
energy generated will not be transported away at the same rate. Hence, the process may continue 
and increase in severity until all shearing takes place in a highly regionalised band ("slip band" 
or "shear band") in the centre of the film, which explains the peak in velocity gradient profile. As 
pressure drops, so does the temperature and the velocity gradient approaches unity again. 

0 100 200 300 400 500 

Dimensionless time 

Figure 19. Dimensionless velocity gradient for a PAM subjected to a velocity gradient ^of 10s s"1 and a 

transient pulse with a maximum Hertzian pressure of 2.0 GPa with duration 200 us. 

Studies with increased heat conduction in the lubricant, longer impact durations, higher shear 
rates and thicker lubricant films revealed a tendency of increasing probability for formation of 
slip bands in the solid-fluid interface, instead of the fluid centre, towards the end of the impact 
events. Heat energy, originating from volumetric compression and induced shear, was to some 
extent conducted to the surrounding surfaces, which were consequently heated. The lubricant 
temperature lowered dramatically during the unloading, yet the flanking solid remained warm. 
Heat flow was then reversed to the fluid boundary, from the solid, reducing lubricant viscosity 
adjacent to the solid surface. This finding was in favour of in-stationary flow at the solid-fluid 
interface at late stages of the loading event. The occurrence is probably important in real 
contacts, although on a micro scale, where rough surfaces, occasionally operating in the 
boundary lubricating regime, are heated by asperities in contact. 

Upon forming the quotient between shear stress and pressure, the friction coefficients for the 
test lubricant, at different test conditions, were obtained, see Figure 20. 
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Figure 20. Friction coefficient for a PAM during transient loading for three different maximum pressures 1.4, 

2.0 and 2.5 GPa at ambient temperature and a velocity gradient ^of I0 5 s". 

It is noted that the friction coefficient increases slightly with increasing pressure as does the 
duration of the events. It was further found that the initial temperature had no effect on the 
friction coefficient, in total contradiction to the findings in paper D. The explanation is however 
straightforward: 

The impact duration issue arises from the fact that the numerical pressure pulse, of half sinus 
shape with continuous gradients, is scaled for amplitude to obtain different maximum pressures. 
Consequently, the highest pressure will have the steepest gradients and thus be most rapidly 
increasing and decreasing in the beginning and at the end of the loading cycle favouring a rapid 
increase in lubricant viscosity. This is exemplified in the figure by a steeper gradient of the 
friction coefficient, for high pressures, in early and late stages of the impact. 

The explanation of the finding in paper C, that the duration of the impact event is dependent on 
pressure and decreases with increasing maximum pressure, is that the nonlinear elastic behaviour 
of a sphere, impacting a flat surface, narrows the pulse width with increasing maximum pressure 
and does not merely scale the amplitude. Further, a tendency of decreasing friction coefficient 
with increasing maximum pressure and decreasing initial temperature was reported in the same 
study. 

Since the nonlinear viscoelastic model, used in the current simulation, does not adequately 
describe the lubricant residing in the solidified phase, the applied rheological model, equation 
(10b), states that increasing pressure leads to increasing viscosity and consequently a higher 
friction coefficient. It is accepted that viscosity increases with several orders of magnitude when 
EHD pressures are applied, and also that thermal effects from severe compression may lower the 
rate of change of the viscosity increase. However, the temperature associated viscosity decrease 
is not remotely as influential as the increase of the same originating from compression. Hence, 
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since the study in paper D proved that the measured friction coefficients for the tested lubricants 
collectively decrease with increasing pressure (and decreasing initial temperature), the solution is 
concealed in thermal- and molecular effects, not numerically accounted for, rather than processes 
of a fluid mechanical nature. The thermal calculations undertaken in this study confirm that the 
friction lowering properties are of thermal origin, controlling the friction behaviour of a cleaved 
solidified lubricant, and can thus not accurately be described with available rheological models. 

Upon comparison of simulated friction coefficients with measured data during the same 
ambient condition, from paper D (Appendix C), being 0.069 for a PAM, it was found that the 
calculated results were somewhat overestimated. A satisfactory explanation for the 
overestimation of friction coefficient would be the suggested hypothesis, from the same 
reference, that real life friction in a solidified lubricant (once sheared) is lower than that of a 
fluent lubricant during the same set of ambient conditions i.e. pressure, temperature and shear 
rate. 

By plotting the temperature increase as a function of pressure for the test lubricant at different 
transient load pulses, with maximum amplitudes corresponding to the study in paper D, the 
following graph is obtained: 

0 0.5 1 1.5 2 2.5 
Pressure [GPa] 

Figure 21. Temperature-pressure relations, from simulations of existing conditions in the ball and bar 
apparatus, for a PAM at 1.4, 2.0 and 2.5 GPa maximum pressure at three different initial temperatures (20, 
40 and 80 C) . The loadings follow the loops in the counter-clockwise direction. Dashed lines indicate 
estimated areas of different lubricant states, extracted from Larsson and Andersson (2000). 

Previously noted friction coefficient gradient dependence (in early and late stages of the transient 
event) on load pulse geometry is applicable here too. A higher pressure with steeper pressure 
gradient heats the fluid more rapidly than a lower pressure with shallower pressure gradient, 
which is clearly shown in Figure 21. 
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Further noted from the same figure is that the temperature rise at the maximum of each of the 
different pressures are approximately the same regardless of initial temperature, although a little 
higher for lower temperatures. The conclusion to be drawn is that since the viscosity at 20 °C is 
significantly higher than at 80°C, virtually no contribution from shear induced viscous heating is 

observed. This is interpreted as: at low velocity gradients y<\05 s"1 the thermal energy 

originating from the compression term (last term on the right hand side in equation (9)) is 
dominant and viscous effects are negligible in the context, as discussed earlier. 

It is worth pointing out that compressive heating was dominating in all cases presented. In 
many EHL contacts, however, shear heating will dominate causing the slip plane to remain at the 
centre of the lubricant film at all times. 

Finally, a remark on certain pressure- and temperature dependent parameters that deserve extra 
attention. The viscosity is of great importance, as pointed out earlier, since it changes with 
several orders of magnitude during an EHD event, however, the influence of thermal 
conductivity coefficient on friction is also important, as proven in the same study. By failing to 
acknowledge the pressure dependence of the latter, the maximum temperature (in the centre of 
the contact) can overshoot with some 25%. 

Paper E concluded that a Ree-Eyring rheological model together with pressure and temperature 
dependent viscosity and heat conduction can be used to qualitatively simulate transient rheology 
experiments. 

A localized temperature increase occurs in the lubricant film. That temperature increase is 
associated with a viscosity decrease and a velocity gradient increase. A "slip plane" is therefore 
formed. The slip plane will be more pronounced as the pressure pulse peak becomes higher until 
eventually all motion is localized to that region. For certain conditions the slip plane was found 
to move to the solid-fluid interface due to reheating of the lubricant, after the loading, from 
dissipated heat conducted from the surrounding surfaces. 

A thermal study undertaken revealed that the observed contradiction in friction was not 
viscosity related. The simulation clearly indicated that the friction coefficient increased with 
increasing pressure, for the rheological model used, in total contradiction to measured data on a 
real EHL contact. It was therefore concluded that the properties of the localized shear bands, 
occurring in the solidified lubricant, are the origin of the detected anomaly and refined 
rheological models are necessary to bring crisp clarity to the matter. 

Error analysis 

Many publications focus very little attention on the influences of errors and perturbations on 
their systems (both numerical and experimental). This section contains an attempt to address the 
impact of errors on the systems referred to in this publication. 

In this thesis 80% of the experimental and theoretical work was somehow related to the Ball 
and Bar apparatus, the modal system that allows studies of transient friction at EHD pressures. 
Consequently a substantial portion of the error analysis relates to this equipment. The accuracy 
and sensitivity of the including hardware wil l be discussed first, followed by reflections on 
experimental perturbations. 

The sensitivity of the piezoelectric accelerometers is 0.312 pC/ms"". Unfortunately they do 
show some response to longitudinal acceleration (from the compression wave). The sensitivity to 
perpendicular accelerations is given as < 1.8%, for the accelerometers are mounted in the 
optimal orientation recommended by the manufacturer. The mounted resonance frequency is 55 
kHz, and thus data over 40 kHz was discarded due to increasing signal degradation. This filtering 
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action is reasonable since the energy related to such high frequencies is negligible and have no 
influence on the measurement system. 

To collect as much impact information as possible, the accelerometers were securely attached 
to the rod by threaded studs. The distance between the accelerometers is obviously crucial as the 
information they record differs significantly with distance due to the dispersive nature of the 
flexural wave. A numerically controlled milling machine enabled the spatial accuracy of the 
accelerometer mounting points, both in regard to distance and relative alignment, to be better 
than 10 urn. Such small discrepancies have no effect on the numerical results. 

The thermal degradation of the accelerometer output is negligible. The active temperature 
range for the Briiel and Kjaer 4393 is -74 °C to 250 °C, and the declared thermal sensitivity is 5 
ms~ /°C at 3 Hz. Since all experiments were conducted between 20 °C and 80 °C and 
recalibrations were done at all temperatures, thermally induced inaccuracy can be ignored. 

The normal force during the transient impact was measured by Kyowa KSP-2-E4 
piezoresistive strain gauges. The gauges were mounted 940 mm from the end plane and coupled 
to a Wheatstone bridge in order to additively cancel out bending moments. The gauge factor is 
127 ±3%. As the instrumented rod was 4 m long and thus similar to a 4 m long antenna, certain 
undesired signals had to be manually removed from the extracted data. These signals included 
the localizer beacon to the instrument approach system of the adjacent airport. 

The manufacturer indicates that the sensitivity to temperature of these strain gauges is 12.3 
microstrain/°C, which is rather high. To minimize the effects of this sensitivity, besides 
maintaining a constant climate in the test facility, the Measurement Group 2210 signal 
conditioning amplifier was turned on 24 hours prior to taking measurements. Since the strain 
gauges were initially heated by the current from the amplifier, this action gave them ample time 
to warm up and reach thermal equilibrium before the start of calibration and a test series. The 
distance from the end plane prevented the gauges from heating during the measurements of 
elevated temperature, which is favourable for measurement accuracy. 

The travel time for the compression wave is 179 us, from impact zone to strain gauges, and a 3 
us discrepancy affects neither the slope of the friction coefficient nor its amplitude. 

The accelerations arising from transient loading easily exceed 4000 ms~~ (or about 300 times 
what is sustainable by the human body). Consequently the dynamic beam theory used 
incorporates shear deformation, rotational inertia and compensation for point masses. It was 
found to be completely adequate for all purposes and no further refinement is considered 
necessary. 

The system offers exceptional reproducibility owing to the mechanism supporting the ball. The 
track length of 0.5 m was chosen because it was available rather than for theoretical reasons. 
However, the angle of the track was designed to keep the horizontal velocity component well 
below 1 m/s, in an attempt to reduce nonlinear effects while encompassing a relevant EHD 
pressure spectrum (1.5-2.5 GPa). The minimum pressure is controlled by the minimum release 
height that permits the steel ball to impact the surface and bounce off completely, while the 
maximum pressure is solely controlled by the pressure resilience of the tungsten carbide end 
plate. The theory designed is such that the location of the impact region on the horizontal sub-
space on the end plate is irrelevant. The location of the impact zone is controlled by a 
micrometer table, but it is set by visual reference only. 

Tests were performed in accordance with Hertzian dry contact theory. Thus the pressure was 
the relevant test design parameter, not the release height, which differs between different oils for 
the same pressure. For actual measurements, a minimum of three consecutive measurements 
with less than one percent pressure difference between tests was performed for statistical 
accuracy (see Figures 13a-c). 

The cleansing procedure was extremely important. On completion of a test with an oil sample, 
the remaining oil was first removed from the ball and end plate with a paper towel. The surfaces 
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were then cleansed with Nysolvin (aliphatic kerosene), toluene, thinner and alcohol in that 
sequence. Finally, the test lubricant was applied sparsely to the end plate with a sterile pipette. 
Unfortunately there was no protection from airborne contaminants as the experiments were 
performed in laboratory areas without air fdtering capacity. 

During the study of the influence of lubricants' thermal properties on their frictional behaviour 
in paper D, it was recognised that the coefficients of thermal conduction Å and the product of 
density and specific heat pCp are highly dependent on pressure and temperature. The large 
number of lubricants and model hydrocarbons studied led to difficulty in finding published data 
on their properties at temperatures above ambient. Thus high pressure and temperature data have 
in many cases been extrapolated using the same nonlinear shape found in the available measured 
data. 

Some quality issues also arise in relation to the simplified numerical model of the Ball and Bar 
apparatus presented in paper E. The error in temperature and shear stress is never set above 1(T7, 
even though the CPU time is highly dependent on this parameter. As regards the grid, the 
distribution in the solids is nonlinear, following a third degree polynomial, with the highest grid 
density in the solid-fluid interface. The thickness of the solids is determined from the one-
dimensional heat equation, so that the temperature increase is a maximum 1% of the wall 
temperature in the solid-fluid interface at the outward directed boundary. The grid density in the 
fluid is a minimum of 600 grid nodes, but the distribution is linear. The number of grid nodes 
was set to approximately twice the number required for a grid-independent solution, by trial and 
error. Since the source code does not make allowances for either viscoplastic or limiting 
behaviour in the rheological models or for a nonlinear grid in the fluid, these aspects of the code 
will need further refinement and are targeted for future work. Certain pressure- and temperature 
dependent parameters also need careful treatment. Viscosity is of great importance since it 
changes by several orders of magnitude during an EHD event. However, the thermal 
conductivity coefficient is also considered important for its immense impact on friction, proven 
in paper D. Failure to acknowledge the pressure dependence of the latter can result in the 
maximum temperature in the centre of the contact being overestimated by 25%. 

An error analysis of the split Hopkinson pressure bar system used in paper B is rather difficult, 
however, the details of the method can be smdied in Färm and Sundin (1994). Some brief 
comments can nevertheless be made regarding the precision of the thermal recalculations from 
adiabatically measured data. First, adiabatic assumptions were made for reasons of comparison, 
since the heating means that the adiabatic case can conservatively be expected to display the 
greatest stiffness. No simplifications whatsoever were made with regard to infinitesimal 
displacements. In the case where the oil column length was from 3-5mm and the dilatations up 
to 25%, it was necessary to use the Lagrangian description for finite displacements. The 
parameters included in the theory neither incorporate temperature- nor pressure dependence. 
However, it is known that at least the thermal modulus ß is temperature dependent. An error in 
the thermal modulus of 25% would affect the temperature increase by 20% (since ß is an 
included term in the natural logarithm). For engineering purposes, the accuracy is adequate, but 
for academic research temperature and pressure effects should be incorporated. 

The accumulated error induced on the system, from the previously described sources, is very 
difficult to estimate and must be allowed to be an educated guess. I f oil parameters are up to 
standard, the maximum error on the force evaluation performed with the Ball and Bar apparatus 
is expected to be well below 4%, still enabling accurate frictional studies of lubricants. 
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Conclusions 

The focus of the work presented here has mainly been on issues relating to measurement of 
transient friction and the lubricant properties affecting such friction. The following conclusions 
have been drawn: 

• The developed Ball and Bar apparatus offers an efficient way of measuring friction 
coefficients for different lubricants at varying pressures and temperatures relevant to 
elastohydrodynamically lubricated contacts. 

• Friction increases with increasing pressure due to the increasing viscosity. However, 
friction decreases with increasing maximum pressure due to differences in the frictional 
behaviour of the fluid- and the solidified phase. 

• The friction in a solidified lubricant appears to be lower than that in a liquefied lubricant 
at the same pressure. 

• Thermo-physical properties of the lubricant affect the contact temperature, strongly 
influencing lubricant solidification and consequently frictional behaviour. 

• The observed friction contradiction is not viscosity related and can thus not be simulated 
with conventional rheological models. 

• In-stationary flow may appear (for certain conditions) in the centre of the lubricant film, 
due to the regional maximum film temperature originating from volumetric compression 
and shear induced heat, but can move to the solid-fluid interface as heat is transferred 
back to the fluid from the surrounding walls after the unloading. 
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Future work 

The Jacobson analogy from Winer (1984) offers a superb description of the importance of 
thermal effects in a lubricated contact: 

In an average concentrated contact the energy dissipated is about 100 TW/m 3 . I f you have trouble relating to 

that figure, it might help to point out that it is like dissipating all the electrical power generated in the United 

States into a volume equivalent to five litres. In those terms it seems that the important questions are: what 

are the temperatures and can they ever be small enough to not be important?' 

Many studies, including those reported here, have shown that thermal phenomena are important 
in all aspects of tribology and that further smdies are needed to expand our knowledge of these. 

It is well-known that lubricants exhibit limiting behaviour when loads are transient and high. 
The studies reported here suggest that highly loaded EHD contacts at low temperatures are the 
most favourable ones with respect to friction losses. By combining the knowledge gained from 
tribology with that available in the science of solid mechanics, it should be possible to create a 
general frictional model that also takes account of vitrified lubricants and thermal effects. Such a 
model would give engineers better tools to tailor friction, when designing applications, and could 
easily be implemented in industrial simulation tools for optimisation purposes. 

Further attention to how and where in-stationary shear bands form and, most importantly, how 
to control their formation is crucial for tribological smdies and rheological modelling. The most 
efficient approach to the problem appears to be parameter studies in computational models, since 
these permits the analysis of variations of one parameter at the time, an option that is seldom 
available in the experimental world. 

The value of using an impinging ball to create an EHD environment has been shown repeatedly 
in the literature. The method, which involves wave propagation in slender structures for transient 
studies without troubling noise, is very powerful and accurate. The existing Ball and Bar 
apparatus clearly needs no further refinement of the evaluation model and its wider use in other 
areas of science and technology is highly recommended. 

Finally, a deeper knowledge of a wider range of lubricant properties (thermal, rheological, 
physical, etc.) is urgently needed in order to sustain and feed scientific research in the broad field 
of tribology. The manufacturers of lubricants need to release this data, but so do scientists 
working this field. In the interests of science, they need to loosen their iron grip on lubricant data 
and disseminate their results. 

Although the term tribology is new, the field itself has ancient roots. Yet every advance in 
mechanical technology gives rise to a new set of tribological issues, a good example of which is 
the problems relating to friction and wear in small-scale devices such as MEMS. Even with 
traditional machinery, more mundane issues such as improvements in reliability, vibration 
control and condition monitoring wil l all benefit from advances in tribology. Tribology is 
important in many areas of engineering and science, both in regard to the theoretical 
understandings it generates and the practical benefits it offers. Over the next decade, tribological 
investigations will continue to be necessary as the mechanisms of machinery and mechanical 
systems become more complex. 
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Appendix A 

This appendix derives a formula for the translation of measured adiabatic pressure-viscosity 
constants to isothermal equivalents. 

Assume that there exist a relation between the pressure (p) and the dilatation (d) on the form: 

P = f , ( d ) + e i ß (i) 

i.e that the pressure varies non-linearly with one isothermal function of dilatation ( / ' ) and 

linearly with a thermal modulus ß and an adiabatic, isochoric function of temperature difference 

[eA=TÄ-Tü). 

i.e. that the pressure varies with one isothermal function of dilatation ( / ' ) , not necessarily 

linear, and another adiabatic, isochoric function of temperamre difference [0A =TA -7J,) linearly 

with a thermal modulus ß. Superscripts ' and A indicate isothermal or adiabatic properties 

through out in the text. 
Consider a body subjected to external forces and heating. Assume that the material is linearly 

elastic, and that it is stress free at a uniform reference temperature, To, when all external forces 
are removed. A system of rectangular cartesian coordinates x\ is chosen, with corresponding 
displacements w;. 

From the special application (adiabatic experiments with the SHPB set-up) it is obvious that the 
displacements are not infinitesimal, hence theories affecting finite deformation are in order to 
justify the theoretic model. The Lagrangian description of finite deformation is given by Greens 
strain tensor: 

3«, ditj duk duh 

dxj dx- dx. dxj 
(2) 

From the design of the experimental setup, it is noted that deformations wil l only occur in the 1-
direction, coinciding with the centreline of the Hopkinson bar, see Figure 1. 

L 
4| ^ 

A 

Figure 1. Schematic figure of the specimen cavity in the split-Hopkinson pressure bar set-up, from paper B, 
visualizing the orientation of the dilatation. 
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The only contribution will therefore be: 

% = « u + ! « u (3) 

The Lagrangian description of the finite deformation is in this case is: 

A 

\Ax + B=—x+B ;/ = l 
' I 1 

[0 ;/ = 2,3 

B is a constant of rigid body motion and by combining the last two equations above it is found 
that the only remaining strain component is formulated as: 

A UA^1 

e » = 7 + l l l J ( 4 ) 

Also understood from Figure 1 is that the dilatation, defined as relative volume increase, can be 
written as a relative change in oil column length, for this specific case. However, in order to f i t 
into the concept of dilatation described in paper B a change of sign is necessary: 

c/ = - — = - ^ ^ = - - (5) 
V0 L-A„ L 

The coupled heat equation for a homogenous medium, given e.g. by Fung (1965), yields the 
relation between the rate of change of the temperatore and strain to the heat conduction. 

_d_ 

dx, 
( 6 ) 

In the equation above kr denotes thermal conductivity, p(d) denotes density as function of 

dilatation, Cv is the specific heat at constant volume and T stands for temperature. The product of 
the volumetric thermal expansion coefficient and the bulk modulus is called thermal moduli and 
is denoted ßi., while e„ is the strain tensor from equation (2) and t is time. 

I f the heat conduction is prevented i.e. the process is adiabatic, the left hand side disappears and 
Kelvin's formula for the change of temperature of an insulated body due to a uniform strain is 
obtained. Further, by assuming that the oil is isotropic, having then ßtj = ß-S.j where <£. is the 

Kroenecker delta function, inserted into Kelvins formula yields the following expression for the 
adiabatic heat equation: 

HL—H-ßi**. (7) 
dt p(d)Cr dt 
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On combining equations (4) and (5) and inserting the density function p(d) = into 
1 — d 

equation (7) and solving the resulting first degree ordinary differential equation for temperature 
(utilizing the initial condition that for zero dilatation there is no temperature rise) the following 
solution for the adiabatic temperature rise following a volumetric compression is obtained: 

ePC,{ 2 J _ j (8) 

For moderate dilatations the expression within the square brackets can be considered small, 
making utilization of the Taylor formula plausible: 

0J=Tn 

J _ 1 ,i d+-d +-

This formula can now be inserted into the basic assumption (1), and the following relation 
between the pressure and the dilatation is obtained: 

P=f'(d) + T0\ 
pCx { 2 ) 2{pCr 

Collecting terms and assuming that the isothermal function f'(D) is of the same kind of 

quadratic polynomial as the Taylor expanded adiabatic expression, yields the following translator 
between adiabatically measured values and isothermal recalculated equivalents: 

P = l+Tn d + JL) 
pc 

JL 
PC, 

d2 + 0(d') 

From this useful expression the isothermal coefficients I\ and h can be identified from the 
measured adiabatic constants Cj and ct. 
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Appendix B 

This appendix concerns a description of a dynamic system in which shear deformation and 
rotational inertia are accounted for since they are considered important due to the high 
accelerations that arise from impact loading. The specific case considered is an oblique impact 
on a small, cylindrical material segment, located at the end plane of a cylindrical beam, with 
different material properties than the beams' material. The goal is to express the transversal force 
and moment (due to off axis impact) at the end plane as function of measured accelerations at 
two discrete locations. The essential included parameters, used by the second order dynamic 
beam theory, are shown in Figure 1 below: 

Figure 1. Graphical representation of the acting force distributions, moments, singular masses and 
displacements for the actual system. 

Considering both bending and shear deformation, the displacements of a point in the beam are 
given by the following relations: 

ux = -zy/(x,tj = -z 
dx •ß{> since w'(x,t) = y/(x,t) + ß(x) 

uv ~ 0 (existent, but very small and therefore neglected) 

ii _ = w(x,t) 

Displacements are translated to strain with help of the definition of the Cauchy infinitesimal 
strain tensor. 

y dxi dx, 

43 



Appendix B 

From the previous two equations, two non-trivial strains are obtained: 

e„ = 

dyAx,i) 

dx 

1 ( dw(x,t) 

2{ dx 
y/{x,t 

(1) 

The over all concept is to utilize Hamiltons principle to analyze the system, hence the total 
potential energy (7t), i.e. the sum of elastic energy (U) and the potential of external forces (V), 
along with the total kinetic energy (7) needs to be formulated. 

For a linearly elastic material, the energy density function equals the complementary energy 
function, which is described by the following equation: 

(2) 

in which the stress tensor is denoted f„ and V describes volume. The energy associated to 

external loads can be written as the sum of the separate potentials from acting distributed load 
q(x), transverse forces T(x) and moments M(x). 

L 
Vq = -jq(x) wdx 

o 

VT=-TLw{L) + T0(w{0)-2ll¥{0)) 

VM = + [MÆ(x)]L

o =MLV{L)-Mo¥{0) 

Subscripts 0 and i indicate coordinate boundaries along the x-direction (centreline) and / 3 denotes 
the height of the end plate. With this knowledge, the total potential energy for a general system 
can be expressed as: 

x = ^T,,e,JdV-)q(x)wdx-TLw(L) + T0(w(0)-2l^ 
1 V (I 

The remaining shear stresses equals: 

T = Ee (when v = 0) = -Ez~^-

OX 

where E is the elastic modulus and: 

Txz=Gyxz=G-2ex=G-2-
dw(x,t) 

dx 
•y/(x,t) = G 

dw(x,t) 

dx 
-y/{x,t) 
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in which G denotes shear modulus and yxv denotes shear angle. Note that a more proper 

statement would appear as follows: 

G 
dw(x,z,t) 

dx 

where a variation in z is taken into account. However such procedure would complicate the 
problem and remove the simplicity inherent in a one-dimensional beam approach. In order to 
recognize the non-uniform stress distribution at a section while still retaining the one-
dimensional approach, a geometrically related correction term k, e.g. Shames and Dym (1985), is 
introduced as follows: 

•kG 
dw[[x,t) 

dx 
•y/(x,t) 

The potential energy can now be rewritten consistmg of only the relevant strains from equation 

(1). 

1 1 1 1 

K = — j j T m e a + Ta7j^[dV- \q{x) wdx-... = — ^[taea + TXZ -2esf\dV - jq{x) wdx-... = 
2 V 

• m 
' 0 1 0 

2 

_ E z ^ A + k G 

dx dx 

(dw } ' dw \ 

v dx ) 
\jf \ rdrdOdx- jq(x)wdx-... 

By summing and collecting terms, the final expression of the potential energy is obtained: 

E l f d y / ^ | kGAfdw 

2 { dx 2 {dx 
-q(x)} \dx-

(3) 

TLW{L) + T0{W(0)-21i¥{0)) + M L W ( L ) - M o V { 0 ) 

In the expression above I denotes area moment of inertia and A denotes cross sectional area. To 
use the Hamilton principle, the Lagrangian needs to be formulated, and in order to succeed in 
that, the kinetic energy for the system needs to be expressed as well. 

According to its definition: ST = jpAüöüdV, where ( ' ) denotes time derivative and p stands for 
V 

density, the following kinetic energy is valid for the rod (hence the subscript R ) : 

TR = — j J jpüfirdrdßdx ~—\\p 
2 0 „ „ 2 , 

1 \ 

dy/ 

~dt~ 

dw 

a7 
\dAdx: 

T„ = Pi 
d\ff 

~dt~ 
(4) 

45 



Appendix B 

Due to the high accelerations arising, from the transient impact, introduced inertia from the end 
mass and upper accelerometer need to be accounted for. Hence, their kinetic energies need to be 
formulated and added to the kinetic energy of the rod. Firstly the kinetic energy contribution 7j 
from the end mass m\. 

7J = i W l ( H < 0 ) - / ^ ( 0 ) ) 2 +~IM^Y (5) 

In the equation above the end mass is denoted m\, l\ is the distance between the end-plane and 
the centre of gravity for the end mass while the moment of inertia la at the centre of gravity is 
given by Steiners principle. 

Secondly, the contribution from the upper accelerometer is derived, which contribution is 
simplified as a point mass on a weightless rod. 

T2 =-m2w{Qf + i / w : / , V ( 0 ) 2 =-im2(vi'(0)2 + / 2 > ( 0 ) 2 ) (6) 

In equation (6), mi stands for the accelerometer mass and h is the distance between centre of 
gravity for the accelerometer and the .r-axis 

Upon summing all kinematical contributions, the total kmetic energy T for the system is 
obtained: 

The force equations and boundary conditions can be obtained using the Hamilton principle, 
which states that the first variation of the Lagrangian & = T -K is always equal to zero for a 
system in equilibrium, or: 

/, 

'i 

Substituting equations (7) and (3) into the expression above yields: 

r x w( i :)-r 0 ( w (o)-2/^(o))-M^(i)+iv / 0 ^(o) |^=o 

A small variation Sis now introduced: 
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J l J dt dt dt dt dr dr \ dr T I dy \ dr Y J Y H K ' dt dt dx dx 

fdw djAdåw fdw djA djy/ dyd_öy 

\dt 1 dt ) dt \dt ' dt V dt dt dt 

\dx ) dx 

+m, 

{dx 

dwdöw 2dy/döy/ 
' T * 1 

dx+ 

dt dt dt dt 

TLöw(L)-T0öw(0) +Tn2I,öy/(Q)-ML6y/(L) +M0öy/(0) \dt=0 

Since both w and y/ are time dependent variables, the expression above must be integrated by 

pans: \f(x)g(x)=F(x)g(x)- $F{x)g\x)dx. 

4\ ——y/ \Sw 
dx 

dt + 

13[ j " ( * G j 4 ( f r "
 ¥Jj öwjdtdx + $j{kGA

 [ y ~
 ¥ j S y / ] d t d x +(h^Swdtdx+ 

i dw , dy/ , 

^ I t ^ l T ^ 

vit+ 

dw c 

OT, dw 
- dt ' * dt dt{ - dt 

j[TSwf dt - ][TSw - T2lxSy/\ dt - \[MSy/]L

o dt = 0 

Jo 

From the definition of the Hamilton principle, Sy/and o\v equals zero at the discrete times t\ and 
h. By observing this and collecting terms, the following expression is acquired: 

fi dtV dt) dx\ dx 
Sy/+ dw\dxdt-

EI 
dy/ 

I k 

ch 

d t ^ d t ''dt)) dA 0 dt 

kGA\-—y/ 
\dx 

+ 
d( (dw , dw 

d i H u ^ i t -

d ( dw 

ah* 

+ K - [ 7 , - 2 / , ] „ f ^ -

-[Tf0\d\dt = 0 
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Appendix B 

Since the variations Sip and dw are independent and arbitrary (so also the integral boundaries), 
the following set of Euler-Lagrange equations for the Timoshenko beam are accordingly: 

dr ' dx 

-—(ply/) 
dr r > dx 

kGA 
dw 

dx 
-y/ \ + q(x) = Q 

^ E I ^ k G A ^ - y / U 
dx V dx 

(8) 

(9) 

Associated boundary conditions at the ends are: 

w specified or [T] = 

y/ specified or [ M ] 0 = 

kGA + m. --1 
dt2 

+ W, 
dr 

-EI 
dy/ d2w d2y/^ 

dt2 1 dt2 

ay 
dt2 

-mJ1 

d2y/ 

dt2 

To enable the derivation of one single governing Timoshenko equation only dependent on w, y/ 
(and its time- and spatial derivatives) are extracted from the equation (8) and substituted into 
equation (9), where from now on the material is assumed to be homogenous. A common and 
simplified way of writing spatial differentiation is also introduced. Future subscripts x indicate 
differentiation with respect to the x-coordinate. Some manipulation with the equations (8) and 
(9) gives: 

_q p_ 
kGA kG 

q p 

w+ w„ 

JF ( 8 ) = * * kGA kG 

dxiy ' UA kGA kG 

w + w.. 

w„. + w„ 

while: 

d_ 

dx 
9) => ply/x - EIy/MX - kGA (wa - y/x) = 0 

Of the four last equations, inserting the first three into the last yields one single governing 
equation of motion for a Timoshenko beam, dependent only on the transverse displacement w. 

EIwaxx+ pAw-pl\\ + 
kG 

.. pi.... pi .. EI 
wx+ w =q-\ q tf 

kG kGA kGA1 

The harmonic wave solution to the equation of motion can be written as: 

w(x,t) = Be ' 

(10) 

( ID 

where K and co denote wave number and angular frequency respectively. Equation (11) is 
substituted in to equation (10) and it is being acknowledged that in the special case, in paper C, 
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the distributed load q(x) (and all its derivatives) equal zero, canceling the right hand side of the 
equation. 

ElkGic4 -{plkGco2 + PIEOJ )K2 + p2Ico4 -pAkGco2 = 0 

The only unknown is solved for and since it is an equation of fourth degree, 
four solutions are obtained: 

/c, 2 3 4 = ±-F=L=*[pIco2
 {kG + E)+ to-]p2V-af (kG + E)2 - AEIkG(p2Ico2 - pAkG) 

-JlEIkG 

but only two solutions are acceptable for an initially quiescent semi infinite (x>Q) rod impacted 
at its end. Upon insertion into equation (11), the final expression for a harmonic component of 
the transverse displacement is achieved: 

w(x, t) = w(x, co) e,m = [B}e
ir'x + B2e^x' 

Bxe~ 
-^pIa)-(kG+ E)+li)^p2Pro2 (kG+E):

 - 4 £ Ä G ( p-1of -pAkG) 

y^^plof{kG+E)-mfp1lzm-(kG+Ef-^EaG{p:lof-pAkG) 
B^e 

The first term, in the equation above, having always a real wave number, represents a harmonic 
wave traveling in the positive .r-direction. The second term, having an imaginary wave number, 
represents a non-propagating vibration or a so-called evanescent solution (for angular 

frequencies (o<\~^- [s - 1]). The term within the bracket is the Fourier transform of the 
V pi 

transverse displacement, andi?i(<a) and Biifi)) are complex constants. 
The theoretical expression for the acceleration (which will be the only variable measured 

during the impact tests in the test-rig) can now be postulated: 

d2w(xj) , ' —fflsW'"'8\kG+E)+af^2l1a1(kG+Ef-4ElkG[p2l^-pMG)-x+lo,) 

d y ' = w(x,t) = Bl(-co2)e< > + 

^plaf(kG+E)-ro^p2I2co:[kG+Ef -4EIkG[p'/co2 -pAkG) 
(12) 

x+ax B2 (-co )e ' = a(x,t) 

Bearing in mind that the interesting two properties are the transversal force and the bending 
moment at the upper end plane (position x=0), it is proper to attempt to formulate them now. Due 
to the length of the rod, it is asserted that the impact event at the upper end plane (position x=0) 
will have completed before any disturbances (originating from lower end plane reflection) wil l 
interfere. Hence, quantities at the lower end plane will remain unknown and independent from 
actions at the upper and plane. From the boundary conditions (given by the energy method) 
rewritten on an appropriate form for the upper end plane, it is recalled that: 

T0 =kGA(wx(0)-w(0)) + mi(w(0)-lly7(0)) + m2w(0) (13) 
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Appendix B 

Also recall the expression for the moment, acting on the upper end plane x=0: 

M0 = -EI\ffx ( 0 ) - O T , / , H ' ( 0 ) + {ml2 +IG+ m2l
2)yr(Q)-Tlj2ll (14) 

It is evident that the only unknown variable, in the two equations above, is the angle of the cross 
section, as result of bending of the centreline, yr and its derivatives. It is perhaps not trivially 
understood, but the only possible solution is that since w obeys the harmonic wave solution, y/ 
must do so too. 

I f this argument does not hold, the angle associated to the deflection of the centreline wil l be 
displaced compared to the flexural wave. A physical interpretation of this anti-speculation would 
be that the rod may spontaneously deflect before ever being initiated by the bending wave. The 
physical irrelevance is obvious. Hence it seems proper to assume that y/obeys the same type of 
solution as w: 

y/(x,t) = Ceh {fcx+ax) (15) 

From equations (11) and (15), necessary derivatives of w and ipat the end plane can be derived 
and substituted into equations (13) and (14) yielding the following expressions for the transverse 
force and the moment at the end plane written on spectral form: 

CO 
r(o)=—(/>/+«,/,) 

El 

(kGxr2-pco2) {kGK2

2-pco2) 
B. H 5, 

K7 

-—({kGrf-ptf}BxKx +{kGfC2

2 - pco2)B2K2\~(ml+m2)al 

(16) 

M(0) = EI [B^2 + B2K
2 ) — £ - co2 ( f i , + B2) I + rnfrn2

 (B]+B2 

kG 

co2(mJ2 +m2l2 +IC ) ( C 1 + C 2 ) - 2 f ( 0 ) / 1 

(17) 

The complex constants B\ and B2 can readily be determined by the use of the existing boundary 
conditions (the two accelerometers positioned at two different locations on the rod) however two 
new constants C\ and C? have been introduced hence the number of boundary conditions is not 
enough. A coupling, expressing the independent constant C in terms of B is needed. It can be 
done by substituting the harmonic wave solutions for w (11) and ip(l5) into the Euler-Lagrange 
equation (8) without distributed load, yielding the following relation: 

B,{kGAK2 - pAto2YK^m) + B2{kGAK2 - pAco2)ei[K2S+a) = 

- C, (ikGA tc, )e,[KV+ca' - C, (ikGA K2 ) é u ^ m 1 

To satisfy the equation above, the only possible relation between C and B must be: 

{kGAK] 2

2 - pAco2 

C,2 = 
(ikGAKL2) 

-B, (18) 

50 



This valuable relation is inserted into the equation for the moment (17), yielding this useful 
expression after some manipulation: 

M(0) = EI ( B ] K ; + B 2 K 2 ) - - ^ C O 2 ( B ] + B 2 ) + mlliar (5, + B2) + 

or m,L~ + mj,~ + m. (ILL 
12 

[kGic2 - par) (&Gxy -pea 

(ikGtc,) 
B,+-

(ikGK2) 

(19) 

-2f (0) / , 

Completing equations (16) and (19), for experimental purposes, requires one final effort: a 
successful determination of the complex constants B, and Bi. As discussed earlier, the boundary 
conditions to be used are the measured lateral acceleration histories at two different locations 
along the rod. By assigning the positions X\=0 and X2—X2 to the accelerometer locations, it is 
possible to extract the corresponding spectral accelerations from equation (12): 

ål(x = 0) = -af(Bl+B2) 

<3, (x = x,) = -B,aréKVl - B.MC" 

(20) 

(21) 

Two equations are satisfactory to determine the two unknown constants, and for simplicity 

reason a variable substimtion: m = e'*'""- and n = e'K-x- is introduced. 

(å2-<5,«) 

or (n — m) 
(22) 

5, 
ar ar (n—m) 

(23) 

The last two relations inserted into equation (16) yields the final expression for the transversal 
force, acting on the upper end plane, as function of lateral accelerations at two discrete points. 

Hoy-

Ei 

(pI + mJu 

ikG 

(kGK2 —par) (ä2 —åtn) (kGK2

2 - por){, + (<ä 2-«,« 

(n — m) 

ikGor 

i , , \(<ä, -am) i , ,\ 
(kGK2 - par) V — ~ r ~ *i —[kGK2 — par) 
v ' (n-m) v 

a,+ 

(n-m) 

( ä 2 - ä i » )  

(n-m) 

(24) 

K2 
- (w, + m2) <5, 

And corresponding expression for the moment requires substimtion of equations (22), (23) and 
(24) into (19). The final form for the moment at the upper end plane, related to the measured 
accelerations is: 
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Appendix C 

Table 1. Frictional data and thermal properties of 9 different lubricants at 20 "C. Thermal properties were 
obtained from Statoil Lubricants Sweden, Santovac Fluids Inc., and Pettersson et al. (2001). Some data are 

1.4 GPa 2.0 GPa 2.5 GPa 
Oil Friction X pCr 

Friction X pC, Friction X pC, 
coefficient \\\ m K] [J/m3

 K ; coefficient rW/m°Kl [J/m3 CK] coefficient fW/m°Kl f j / m 5 S K ] 

A 0.069 0.321 2.409 0.056 0.350 2.498 0.043 0.360 2.564 
B 0.046 0.386 2.668 0.042 0.421 2.765 0.036 0.433 2.839 
C 0.046 0.423 2.639 0.031 0.461 2.736 0.025 0.474 2.80S 
D 0.100 0.240 1.600 0.069 0.270 1.680 0.050 0.280 1.700 
E 0.051 0.386 2.71 1 0.029 0.42! 2.810 0.022 0.433 2.885 
F - 0.308 2.352 0.046 0.336 2.438 0.031 0.345 2.503 
H 0.060 0,321 2.381 0.037 0.350 2.468 0.029 0.360 2.534 
1 - 0.337 2.409 0.040 0.367 2.498 0.030 0.378 2.564 
J - 0.402 2.539 0.024 0.438 2.632 0.025 0.451 2.702 
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Figure la . Friction coefficient vs. thermal 
conductivity coefficient for 9 different lubricants 
at 20 °C for 3 different pressures. 
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Figure lb. Friction coefficient vs. product of density 

and specific heat for 9 different lubricants at 20 X" 

for 3 different pressures. 
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Appendix C 

Table 2. Frictional data and thermal properties of 9 different lubricants at 40 °C. Thermal properties were 
obtained through Statoil Lubricants Sweden, Santovac Fluids Inc., and Pettersson et al. (2001). Some data are 

1.4 GPa 2.0 GPa 2.5 GPa 
Oil Friction X PC, Friction X Friction X 

coefficient [W/m°K] I 1 - " K] coefficient f\V/m°Kl rj/m 3 °K1 coefficient [W/m°Kl f j /m '°K1 

A 0.058 0.321 2.409 0.059 0.350 2.498 0.051 0.360 2.564 
B - 0.386 2.668 0.042 0.421 2.765 0.036 0.433 2.839 
C 0.035 0.423 2.639 0.033 0.461 2.736 0.028 0.474 2.808 
D - 0.255 1.775 0.081 0.285 1.865 0.067 0.305 1.925 
E 0.068 0.386 2.711 0.041 0.421 2.810 0.031 0.433 2.885 
F 0.065 0.308 2.352 0.040 0.336 2.438 0.032 0.345 2.503 
H - 0.321 2.381 0.050 0.350 2.468 0.042 0.360 2.534 

I 0.058 0.337 2.409 0.035 0.367 2.498 0.030 0.378 2.564 
J 0.056 0.402 2.539 0.041 0.438 2.632 0.029 0.451 2.702 
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Figure 2a. Friction coefficient vs. thermal 
conductivity coefficient for 9 different lubricants 
at 40 °C for 3 different pressures. 
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Figure 2b. Friction coefficient vs. product of density 

and specific heat for 9 different lubricants at 40 °C 
for 3 different pressures. 
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Table 3. Frictional data and thermal properties of 9 different lubricants at 80 f . Thermal properties were 
obtained from Statoil Lubricants Sweden, Santovac Fluids Inc., and Pettersson et al. (2001). Some data are 
extrapolated. 

Oil 

1.4 GPa 2.0 GPa 2.5 GPa 
Oil Friction 

coefficient 
X 

[W/m°K] 
PCP 

[J7mj °KJ 

Friction 
coefficient 

X PC, 
[J/m3 °K] 

Friction 
coefficient 

X 
rw/m°K] 

pcv 

[J/m3 °K1 

A - 0.321 2.409 0.052 0.350 2.498 0.052 0.360 2.564 

B - 0.386 2.668 0.028 1) 42 1 2.765 0.036 0.433 2.839 

C 0.423 2.639 0.027 0.461 2.736 0 031 0.474 2.808 

D - 0.270 1.950 0.098 0.300 2.050 0.087 0.330 2.150 

E 0.060 0.386 2.711 0.051 0.421 2.810 0.042 0.433 2.885 

F 0.073 0.308 2.352 0.067 0.336 2.438 0.054 0.345 2.503 
H 0.059 0.321 2.381 0.061 0.350 2.468 0.059 0.360 2.534 

I 0.066 0.337 2.409 0.056 0.367 2.498 0.048 0.378 2.564 

J 0.059 0.402 2.539 0.053 0.438 2.632 0.046 0.451 2.702 
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Figure 3a. Friction coefficient vs. thermal 
conductivity coefficient for 9 different lubricants 

at 80 T for 3 different pressures. 

Figure 3b. Friction coefficient vs. product of density 

and specific heat for 9 different lubricants at 80 °C 
for 3 different pressures. 
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Appendix D 

This appendix derives a non-dimensional energy equation applied to numerical simulations of 
elastohydrodynamically lubricated contacts. 

The thermal energy equation is considered known, e.g. through Kundu (1990), and may be 
written as: 

(1) 

It declares that the specific internal energy W increases from volumetric compression, heat 
generation and viscous dissipation (which is defined in equation (2) below). 

' = Tlj-^-+p(W-v) = 2ju (2) 

3v 
In equation (2), t is denoting the stress tensor, — - is the velocity gradient, u is denoting 

d X j 

absolute viscosity, p stands for pressure and Vu is the symmetric shear-strain-rate tensor. It is 
noted that <f> is proportional to p and represents the rate of viscous dissipation of kinetic energy 
per unit volume. The equation also shows that the proportionality is quadratic with the velocity 
gradient, why the concept with viscous dissipation is considered extra important in regions with 
high shear rates. 

Equation of continuity posts that: 

1 Dp dv_ 1 Dp 
— + — L = 0, or div v = — 

p Dt dx p Dt 

This highly useful relation, where p denotes density and — denotes material derivative with 

respect to time, inserted into equation (1) yields the following expression of the energy equation: 

£>gf ( 1 Dp ) _ . . 

p + p\ \ = -V-q + <p 

Dt { p Dt ) 
Upon collecting terms it is revealed that: 

( ( i \^ 
( D% p Dp 

Dt p2 Dt 

D 

D& \p 

Dt Dt 

= -Vq. (3) 
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Since any thermodynamic properties are perfect, path-independent state differentials acting on 
material volumes with masses, it is appropriate to substimte the material derivative with a perfect 
differential, hence: 

p(dW + pdT~) = -V -q + <j> (4) 

where 3^ is the specific volume j — 

Equation (4) still comprises the specific internal energy, an entity that is very difficult to 
measure, making utilization of the equation for many applied purposes impossible. It 
consequently has to be re-designed, excluding any uneasily obtainable terms. 
First law of thermodynamics: 

dg = Td^-pdT' (5) 

says that the internal energy is controlled by molecular order (through temperature T and specific 
entropy S*) and volumetric compression. 

The entropy can be regarded as two separate functions, one dependent only on temperature and 
one only on pressure, Fundamentals of classical thermodynamics (1985): 

One of Maxwells identities stakes that: 

IT )p { dp jT 

By combining equation (5), (6) and (7) it is possible to rewrite the specific internal energy as: 

d% + pdT- = T{^f-\ dT-A-
K BT Jp v dT 

dp (8) 

Sadly, the new postulate now includes the specific entropy, which is at least as difficult as the 
specific internal energy to quantify. Fortunately, help is at hand by the definitions of the specific 
heat Cp and volume expansivity e , through the equations (9) and (10) below. 

vydT)B r \ dr 
(10) 

The latter describes a medium volume change resultmg from a temperature change at constant 
pressure. Utilizing these two relations, equation (8) can now be written as: 
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d% + pdT = CpdT - e p T j r dp = CpdT-e

P

T\jÅdP O l ) 

With equation (4) still in memory, it is evident that equation (11) can be directly substituted into 
the left hand side, yielding the following expression: 

P 
-Vq + 0 (12) 

According to Newtons constitutive relation and continuity, the viscous dissipation function, 
equation (2), can be written and material derived as: 

dv. dv, ( 1 Dp) dv p Dp 
é = T. '- + »(V-V) = T , , — - + p\ — = T , — - £ -

Substituting the expression above into equation (12), and material deriving yields: 

H " Dt " Dt p Dt dx, " dxj V ' 

The stress tensor (in the expression above) can be divided into a deviatoric component <7. and a 

hydrostatic pressure component p: 

dv dv,. dvi  

'' dxj " dxj dxj 

of which the latter (in combination with the continuity equation) is canceling the volumetric 
compression term (on the right hand side of the equation). As a further refinement, Fouriers law 
on heat conduction is introduced: 

q=-XV-T 

where Å represents the coefficient of thermal conduction and T a temperature difference. 
The last two equations inserted in to (13) finalize the formulation. 

Being expressed on expanded form, after executing the material derivatives: 

f d / rT,\ d , „L\ d ( ,dT) dv (dp dp 
—(pT) + — (pvT) =— Å— +£T..—'- + e T\ — + v — 
d t [ F ' dx y y ' ' dx,{ dx. "dx. " dt 'dx 

(14) 
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This general energy equation is subject to certain justified simplifications when applied to 
elastohydrodynamic lubrication. 

The velocity component in the xj-direction (across the film) is considered to be 

negligible => v, = ^ - 0 . 
dx, 

Since the lubricant film is smaller than all other existing length scales, it is assumed that 
the heat conduction will mainly flow in the X3-direction (due to the driving force to 

neighboring steel surfaces) 
dx. 

Å 
dT_ 

dx, j' dx. dx. 

3 dT i 

A «-— 
dx. 

X 
3T 

dx, 

Founded on the previous bullet, it is safe to assume (since x,,x 2 » x 3 ) that all derivatives 

of X3 wil l be dominating. 
dp 

Pressure is assumed to be constant across the film 
dx. 

= 0. 

By successfully applying these simplifications to equation (14) the, for EHD purposes, relevant 
energy equation is obtained: 

dx3 

, d r ) dv, 
Å— + C T , , — L + c r , dx. dx, 

dy, 

dx, 
-e.J 

dp dp dp 
+ v, - f - + v, • 

dt ' dx, dx 

(15) 

The following dimensionless variables are introduced: 

S - T ~ > $-~F> P " ~ T ' ®~T' ' _ _ F 

v, v, v3 Ag O e0 p 

(50) 

A l l superscripts R indicate reference quantity. Applied to equation (15), the following 
dimensionless equation is achieved. 
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c c Å—(pPneT0)+^T(pp„v1v,Äe7;1) + 
<pcc, i dX,x, 

F(pp0v2vf er 0)+^_(P A lv,vfe:r 0) 

367:, 

3X 3 x 3 % ^3X 3 x* 

SV.yC R dVrf 

d\3x^ 

3pp* _ + v _3bp1 + v 3 P / / 
-J (pat; oXjX, dX 2 x : 

V v i y 

Collecting terms and clearing the heat conduction term, in the right hand side, from coefficients 
yields: 

^ ^ k é ( p e > ^ ( p v , e ) 4 J - ( p v . ° ) 4, x," ^ p acp v r ' ax ax, 
PoC p„vf^ a a f x - * ' + <xYx?( 

I d X 3 y V o { 

a P ^ 

^ am ax, x? 2 a x j 

Now introducing known dimensionless numbers: 

_ / * C , o ^ 
™ A0 

3 

R R R 
a v. x. 

(4)2 

Br =  _ Ux i 

•Vo ^0 

-3 1 

pC VI 
The Peclet number is most often written as: Pe = — expressing the quotient between heat 

K 
convection and heat conduction. V is a reference velocity, I denotes a characteristic length and 
hc is equivalent to the heat conduction coefficient A. 

uV~ 
The Brinkmann number is commonly written as: Br = and expresses the quotient between 

hcT 
heat from viscous dissipation and heat export by molecular dissipation, p denotes the absolute 
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viscosity, 7 is a reference temperature. Cr is a compressive relation. Note that according to 

Newtonian assumptions a reference stress < j R can be written as: a R = fJ——. This reduces the 

left hand side of the equation to: 

Pel. c p i ( p 0 ) + ä F ( p v . e ) + ^ ^ ( P v

2

e ) \ + p i 3(p ax, ax 3 

(pv 3e) 

and the right hand side to: 

89 

3 x , v " a x 3 

+ Br 
5 ' 3 3 x 3 

av, 

ax 
+ Cre6 

3 ; vacp 'ax , x,A 2 a x 2 

It is obvious that the dimensionless numbers are differently expressed depending on direction. In 
this specific lubrication application, a governing velocity is introduced, oriented in the positive 
Xj-direction and hence all other velocities (and their associated derivatives) are considered 
negligible. Applying these special case parameters to the equation above renders the final 
equation to be implemented and numerically solved: 

Pel 
3<p (P0) = 

_ae 

ax, l " a x 
+ Br\ a 

3 7 

ay, 

' 1 3 ax, 
3 1 K 

3m 
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unlike option. 
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Method for investigation of frictional properties at impact loading 

Journal of Sound and Vibration (1999) 222(4), 669-677 
Article No. j sv i . 1999.2092, available online at http:/ /www.idealibrary.com on l l t ^ l 

M E T H O D FOR INVESTIGATION OF 
FRICTIONAL PROPERTIES AT IMPACT 

LOADING 

K. G. SUNDIN 

Division of Solid Mechanis. Luleå University of Technology, Luleå, Sn eden 

A N D 

B. O. ÅHRSTRÖM 

Division of Machine Elements, Luleå University of Technology, Luleå, Sweden 

( Received 30 June 1998, and in final form 4 January 1999) 

Jn the assessment o f lubricant performance and also in various other contact 
applications it is of importance to know the fr ic t ional qualities o f a surface. 
Under quasi-static conditions, normal and fr ic t ional forces are measured using 
force transducers but the task is more diff icul t when loads are transient. The 
experimental method presented in this paper is based on the analysis o f 
propagating waves in a beam, due to an impact on the end surface. The impact 
is oblique and therefore a transverse as well as a normal force is generated. The 
normal force history is measured f r o m the axial non-dispersive wave using 
strain gauges. Transverse force and bending moment both generate dispersive 
flexural waves. F rom the F F T o f two transverse acceleration histories, the 
f r ic t ional force at the end o f the rod is evaluated using beam theory. The 
relation between normal and f r ic t ional force histories displays the f r i c t iona l 
properties at the impact. Preliminary results are presented. 

© 1999 Academic Press 

1. I N T R O D U C T I O N 

Simulation of complex physical and mechanical processes becomes easier to 
perform as computers and computer codes become more efficient. Reliable 
results generally demand detailed knowledge of the simulated event regarding 
material behaviour as well as the physical and mechanical processes involved. 
Knowledge of material parameters are often lacking, making the results of 
calculations less confident. In the field of friction and lubrication, the mechanical 
interaction of two surfaces and a lubricant is studied. The aim of the research in 
this field is to reduce energy loss and damage in machine elements such as 
bearings and gears. In such applications elasto-hydro-dynamic (EHD) 
lubrication is at hand which is characterised by high contact pressures, elastic 
deformation of the surfaces, lubricant compression and high shear rates. 
Investigation of EHD-lubrication involves experiments in which frictional 
properties evaluated from simultaneous normal and transverse forces are studied 

0022-460X/99/190669 + 09 $30.00/0 © 1999 Academic Press 
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under impact conditions. From the results of such experiments quantitative 
information regarding lubricant properties can be gained and used in computer 
simulations. 

Experiments on frictional properties of lubricants under different conditions 
regarding pressure and shear rate and with different methods have been reported 
by several authors. For example reference [1] used a spinning ball apparatus to 
investigate friction under slowly varying shear rates, reference [2] used inclined 
plate impact and reference [3] used high pressure viscosimetry. In none of these 
methods are the loading times and other conditions the same as those prevailing 
in practical EHD situations. Reference [4] used the impact of a spinning ball to 
investigate friction under transient conditions. References [5, 6] developed a test 
method utilising a steel ball impacting a flat lubricated surface. In these 
investigations the time-scale is representative for practical EHD situations, but 
the methods are not capable of recording the time histories of the forces during 
the impact. 

In the present work, a method is suggested that is based on the principle of a 
steel ball impacting a flat surface and it allows the force histories in the contact 
to be measured during the impact. The method uses the theory of axial and 
flexural wave propagation in a straight beam for evaluation of normal and 
transverse transient forces at the flat end of the beam. The transverse force is 
obtained from two measured accelerations using spectral analysis. See, for 
example reference [7]. 

Simultaneous normal and transverse transient forces due to an oblique impact 
on the end plane of a long rod are considered; see Figure 1. The transverse force, 
T, is a frictional force and its direction is therefore determined by the velocity 
vector of the impacting body. Assume that Tis parallel to the co-ordinate z. The 
normal force N is compressive and parallel to the rods axis which is the x co
ordinate. The impact is assumed to be off-centre and therefore a bending 
moment will be generated. Its component in the v direction is M = N-e. The 
transverse force T and the bending moment M generate a flexural wave in the x-

Figure 1. N o r m a l and transverse forces due to an of f -axis impact o n the plane end o f a rod 

w i t h c i rcular cross-seclion. 

2. T H E O R E T I C A L B A C K G R O U N D 
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2 plane described by the deflection w(x, t) of the centre line of the beam. First 
order theory is used assuming no interaction between axial and lateral 
deformation. It is also assumed that a plane 1-D axial wave is generated by the 
normal force although it is more or less a point force. Furthermore, Euler-
Bernoulli beam theory is used in the analysis of the flexural wave. This theory 
assumes that shear deformation as well as rotational inertia of the rod can be 
neglected. 

The axial wave is ideally non-dispersive and therefore axial strain, e, measured 
at a position along the rod represents the normal impact force, N, through the 
relation 

N{t) = AEe(t + t0), (1) 

where A is the cross-sectional area of the rod, E is Young's modulus and r0 is the 
travel time for the wave between the end and the cross-section where strain is 
measured. 

The equation of motion in the transverse direction for an Euler-Bernoulli 
beam, free from distributed loads, is 

EIw"" + pAiv = 0, (2) 

where (') and ( ' ) denote differentiation with respect to the x co-ordinate and 
time, respectively. Young's modulus E. area moment of inertia /, density p and 
cross-sectional area A are all constant along the beam. Equation (2) represents a 
dispersive mechanical system and Fourier-decomposition of the time dependent 
quantity w is introduced. A general harmonic wave solution of the form 
ir = Cel<A v + 0 , 0 inserted in equation (2) yields the characteristic equation 

k4 - r/or = 0, (3) 

where k is the wave number, to is the angular frequency and a4 = pAIEI. 
Equation (3) has four solutions for the wave number k of which only two are 
physically acceptable for an initially quiescent semi-infinite (v>0) rod impacted 
at its end. The final expression for a harmonic component of the transverse 
displacement is therefore 

w,,{x, t) = w(x, GO) e iw' = [C, (w) e H a ^ - v + C2(<x>) e*"*^] e,a", (4) 

where C,(co) and C2(co) are complex constants. The first term in equation (4), 
having an imaginary wave number, represents a harmonic wave, travelling in the 
x direction, while the second term having a real wave number represents a non-
propagating vibration or a so called evanescent solution. The expression within 
brackets in equation (4) is the Fourier transform w(x, cu) of the transverse 
displacement w(x,t). Using the well known relations between transverse 
displacement and bending moment, shear force and acceleration respectively it is 
straightforward to derive (from equation (4)) the expressions 
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M = EIw"(Q, ax) = El(asjwf[-C] + C2], 

t= Elw"'(0, ox) = £ / ( a % Æ) 3 [ l C 1 + C%\, 

åx = -cjwixi, ax) = - O J 2 [ C , c-W 3 *' + C 2 e
- * ^ ] (5) 

å2 = -ax2w{x2, ax) = -ox2[Ci e"1*^»'- + C 2 e " * ^ ] , 

from which the complex constants Cj and C2 can be eliminated. Thus, from the 
Fourier transforms of the two measured acceleration histories a\{t) and a2(t) in 
the z direction at two positions X\ and x 2 , the Fourier transforms of the bending 
moment and the transverse force caused by the impact can be determined. It is 
convenient to choose x\ = 0 and from the expressions in equations (5), 
elimination of Cx and C 2 gives 

Eh? 
M = — r[2ä9 - (n + m)åi], (6) 

ax(n — m) 

—Ela? 
T =-7=; -[{i+l)ä2-(in + m)åi}, (7) 

\Jo3(n — m) 

where n = t~m^Xl and m = t~*^'xi, for the two quantities (M and 7) that 
generate the flexural wave in the beam. The time functions are easily found by 
inverse Fourier transformation of equations (6) and (7). T(t) is the desired time 
history of the frictional force caused by the oblique impact. 

3. E X P E R I M E N T S 

3.1. SET-UP 

In Figure 2 the experimental set-up is shown. A cylindrical steel rod (SIS 
1650) with diameter 16 mm and length 5 m hangs vertically with its lower end 
free. Normal and transverse forces from an off axis impact on the lower end 
surface generate longitudinal and flexural waves in the rod. Both the transverse 
force and the bending moment contribute to the flexural wave if the impact is 
not in the centre of the cross-section. 

At a position 100 mm from the end of the rod a pair of strain gauges, coupled 
in a Wheatstone-bridge for bending suppression, measures the axial strain 
history. After amplification this signal is recorded and used to calculate the 
normal impact force N(t) according to equation (1). 

Lateral acceleration in the direction of the frictional force (z direction) is 
measured at two positions using identical piezoelectric accelerometers (B&K 
4393). One accelerometer is located as close to the end as possible and the other 
at a position 33.5 mm along the rod. Two identical charge amplifiers (B&K 
2635) are used and the signals are recorded by a transient recorder 
(YOKOGAWA DL4100) using a sampling rate of one sample per microsecond 
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Figure 2. Experimental set-up: (a) for calibration and (b) for impact measurement. 

and a record length of 10 000 samples. The software MATLAB 5.0 is used for 
data analysis including a 10 000 point FFT and inverse FFT. The moment and 
the transverse force at the end of the rod are calculated from the measured 
accelerations according to equations (6) and (7). 
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Figure 3. Measured acceleration signals: —. a\ (x = 0); a2 (x = 33 5). 

3.2. MEASUREMENTS AND RESULTS 

An instrumented hammer is used for verification of the evaluation procedure. 
The impact force from the hammer is measured with a piezoelectric force 
transducer (B&K 8200) mounted in the head of the hammer. The sensitivity of 
the transducer, taken from the manufacturers calibration chart, is 4 pC/N and 
the signal from the hammer is amplified (B&K 2635) and recorded. A transverse 
impact at a point diametrically opposite the accelerometers (Figure 2(a) is 
suitable for verification of the evaluation model, equation (7). The two measured 
acceleration histories from a transverse impact by the instrumented hammer are 
shown in Figure 3 and it is noted that there is a difference in the histories due to 
the different positions of the accelerometers. In Figure 4 measured and evaluated 
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Figure 4. Measured and evaluated transverse force: —. evaluated; — . measured. 
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Figure 5. Measured (N-efdnd evaluated bending moment: —. evaluated; measured. 

force histories are shown. The shape of the curves representing measured and 
evaluated transverse forces show good coincidence but their levels differ slightly. 

In order to verify also the calculated end moment, an experiment was 
performed where a small knob, placed 7 mm from the centre of the rod, was 
impacted in the axial direction by a hard strike from an ordinary hammer 
(Figure 2(a)). The instrumented hammer could not be used because the required 
force was beyond its capacity (the hammer was however used to calibrate the 
strain gauges that measure axial force). With known eccentricity, the applied end 
moment is given by the axial force history. The moment is also evaluated 
according to equation (6), and in Figure 5 the two time histories are shown. The 
difference in shape and level is larger than it is for the transverse force. 

A preliminary experiment regarding friction at impact on the flat, ground and 
polished end surface of the rod was also performed in order to verify the 
potential of the method. A 50-mm steel ball from a roller bearing was used to 
impact the surface at an oblique angle (Figure 2(b)). The ball was held by hand 
and the impact was directed in the z direction. The normal force history was 
measured by the strain gauges and the transverse force was evaluated from the 
accelerometer signals. Thus, simultaneous normal and transverse force histories 
were determined and the frictional properties during the impact could be studied. 
Results for a non-lubricated and a lubricated surface are presented in Figure 6. 
Transverse force is plotted versus normal force for an impact with dry and clean 
surfaces and for an impact where the flat surface is lubricated with a grease 
(Mobilith SHC 460). The contact time is about 300 pis, for the impacts. It is 
obvious from the graphs, that the relation between the transverse and normal 
force depends on the surface condition. Also it is observed that, for the dry 
contact, the frictional coefficient defined as the quotient between transverse and 
normal force appears to vary during the impact. However, this has to be 
investigated in a series of repeated experiments and is the subject for future 
work. 
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Figure 6. Transverse versus normal force during a dry and a lubricated impact: —. dry impact: 
— . lubricated impact. The arrows indicate increasing time. 

4. D I S C U S S I O N A N D C O N C L U S I O N S 

Theoretical background and preliminary experimental verification is presented 
for a method that allows simultaneous measurement of transverse and normal 
forces due to impact on the end of a straight beam. Also the end moment due to 
off axis impact can be calculated, but is only of secondary interest. The method 
is based on the relation between transverse accelerations of points along the 
beam, and the generating quantities at the impacted end. 

The transverse equation of motion according to Euler-Bernoulli beam theory 
has been used in the analysis. Accordingly neither shear deformation nor 
rotational inertia of the beam is considered, and it is believed that at least 
rotational inertia is of importance because of the high frequency components 
generated by an impact. Also the inertia of the accelerometers is neglected in the 
evaluation model at present. Both these effects can be included in the model. 

The intention is to use the method for friction investigations and it is therefore 
important that the transverse force can be measured accurately. It is observed 
from Figure 4 that the form of the calculated force history agrees well with that 
of the measured. A rigorous calibration of the instrumented hammer could not 
be performed, and therefore the disagreement in the levels of about 10% may 
not be significant. 

A bending moment at the end of the rod is generated if the impact is not 
perfectly centred, which contributes to the flexural motion. Cancellation of this 
contribution is essential for an accurate evaluation of the transverse force, while 
the moment in itself is not of primary interest. The curves in Figure 5 show that 
the form of the predicted moment history agrees well with the measured one but 
that the level is some 20% lower. A source of error is that the accelerometers 
are to some degree sensitive to acceleration in the perpendicular direction 
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causing disturbances from the axial acceleration to superpose the transverse 
measurement. 

The relations shown in Figure 6 are results from two preliminary friction 
experiments and the difference between dry and lubricated friction is obvious. 
The form of the curves indicates that friction conditions for a dry steel surface 
contact change during the loading and unloading sequence, so that the friction 
coefficient decreases. A possible physical explanation may be that generated heat 
lowers the strength of the asperities in contact. In the case of a lubricated 
contact no such change in friction conditions is noticed. These preliminary 
observations are however yet to be verified. 

It should also be pointed out that in principle other quantities related to 
flexural deformation than acceleration (velocity, displacement or strain) could 
also be used for evaluation of transverse force. Acceleration is however best 
suited for FFT analysis since it is of transient character and falls to zero 
immediately after the event. The natural frequency of the accelerometers is a 
limiting parameter and should be as high as possible. 

From the result of this preliminary investigation it is concluded that: (i) the 
suggested method is capable of simultaneous measurement of normal and 
transverse forces during an impact event; (ii) the achieved accuracy is 
encouraging; (iii) a more exact evaluation model in combination with optimally 
chosen parameters for the beam may improve the accuracy further; and (iv) 
friction phenomena can be studied with this method. 
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A Modified Split-Hopkinson Pressure Bar Method for Determination 
of Dilatation-Pressure Relation of Lubricants used in EHL 

*B-0 Åhrström, *Stefan Lindqvist, *Erik Höglund and **K G Sundin 

Luleå University ofTechnology, *Division of Machine Elements, **Division of Solid Mechanics 
SE-971 87 Luleå, Sweden 

Abstract: In theoretical calculations of f i lm thickness, pressure distribution and 
friction in an elastohydrodynamically lubricated (EHL) conjunction it is necessary to 
model the physical/mechanical behaviour of the lubricant. It is important to know, 
for example, the dilatation-pressure or the density-pressure relationship. In this 
paper a modified split Hopkinson pressure bar system for determination of the 
compressibility of oil is presented. It makes it possible to test oils under conditions 
similar to those found in real EHL contacts; loading duration in the range of 200-
400 jas and pressures of almost 2 GPa. An empirical model has been suggested to 
mathematically describe the dilatation-pressure relation of the specific oils. A 
naphthenic mineral oil and a synthetic oil, 5P4E, have been tested under adiabatic 
conditions and at pressures up to 1.5 and 1.9 GPa, respectively. The adiabatic results 
have been recalculated to isothermal conditions for comparison. 

Notation 

A area of the rod [mf] 
A„ area of piston [m ] 
A point on the main rod 
a dimensionless material constant 
B point on the main rod 
c, material constant [GPa] 
c, material constant [GPa] 

c wave speed in rod [m/s] 
Cy specific heat at constant volume [kJ/kg°K] 
d dilatation 
E elastic modulus [N/ITT] 
E index extension side 
F force [N] 
Ii isothermal material constant [GPa] 
h isothermal material constant [GPa] 
K material constant [GPa] 
k] material constant [1/GPa] 
k 2 material constant [1/GPa] 

L length of the oil column [m] 
M index main side 
N normal force [N] 
p pressure above atmospheric [GPa] 
t time [s] 
u displacement [m] 
v particle velocity at the piston-

oil interface [m/s] 

V volume at pressure p [m 3] 
V 0 volume at atmospheric pressure [m J] 
AV change in volume, V - V 0 [m 3] 

x coordinate [m] 
ß coefficient of thermal expansion[MPa/°K] 
e strain 
q dynamic viscosity [Pas] 
p density of oil at pressure p [kg/nr1] 
po density of oil at atmospheric 

pressure [kg/m J] 
8 temperature difference [°K] 

1 Introduction 

In an EHL contact the lubricant is generally 
subjected to pressures of several GPa and 
short duration, typically 200 to 400 qs. Such 
conditions can be found in many machine 
elements such as rolling element bearings or 
gears where two nonconformal surfaces are 
separated by a thin fi lm of lubricant. To be 
able to theoretically model and numerically 
calculate the film thickness and pressure 
distribution in such an elastohydrodynamic 
conjunction, it is of great importance to know 
not only the viscosity-pressure relation but 
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also the dilatation-pressure and density-
pressure relationships of the lubricant. I f these 
relations are not known, only solutions based 
on isoviscous and incompressible conditions 
can be obtained. 

Several investigations have been made under 
static conditions. [1] used static pressures up 
to 400 MPa and suggested the density-
pressure relationship 

_P_ 

Po 
:1+-

0.6p 

l+1.7p (1) 

where the unit of pressure is GPa. It has been 
commonly used also in situations where the 
pressure by far exceeds 400 MPa. Using mass 
conservation equation (1) can be rewritten as a 
relation between pressure and dilatation, 
equation (2) below. 

AV 

V„ 
p = -

0.6-2.3 
AV 

V„ 

(2) 

Note that in this paper, dilatation means 
relative decrease in volume, and will further 
be denoted d. 

Static measurements were performed by [2], 
between 0.4 and 2.2 GPa, and curves were 
fitted in two pressure regions, one curve in the 
region below the solidification pressure and 
another in the region above. The solidification 
pressure is defined as the pressure at which 
lubricating oil undergoes a phase change from 
a liquid to an amorphous solid (exhibiting 
limited shear strength). In the solid state they 
found the compressibility to decrease 
dramatically. Compressibility is defined as the 
derivative of dilatation with respect to 
pressure, or inverse of tangent bulk modulus. 

Static investigations, however, include 
neither the rapid loading and unloading 
encountered in EHL, which itself may have an 
effect on the compressibility nor the 
temperature rise associated to the rapid 
compression in the EHD contact. The increase 
of temperature may counteract the pressure 
induced density increase. 

Investigations based on plate impact experi
ments up to 5 GPa, [3], led [4] to suggest the 
relationship (generally used for shock-waves 
in non-porous solids not undergoing phase 
transformations) 

(3) 

1 
K 1 

i 

1 + a 
f v ; 

1 + a — i 

between pressure and volume ratio where the 
constants were based on measurements made 
with a Kolsky bar apparatus. The oil film layer 
in the plate impact experiment was 50 qm 
thick giving a loading time of 1 p.s, which is 
much shorter than in a real EHL contact. 
These measurements gave one point per 
"shot" for the dilatation-pressure relationship, 
thus a lot of experiments were needed to cover 
a wide pressure range. 

The aim of the present paper is to present 
continuous measurements of the relation 
between dilatation and pressure in a timescale 
and pressure range typical for a real EHL 
contact. A modified split-Hopkinson pressure 
bar set-up (SHPB), [5] has been used. 
Experiments under adiabatic conditions are 
performed and isothermal relations are 
calculated from the experimental results using 
the coupled heat equation. 

2. Experiments 

2.1 Set-up. In a classical SHPB-set-up a 
specimen is placed between two elastic rods 
(main and extension rod) with constant 
mechanical impedance and loaded by an in
coming compressive wave in the main rod. 
The stress and strain conditions in the 
specimen during loading are evaluated from 
strain histories measured at the rods. The 
classical set-up has been modified with 
conical adapters of high-strength material in 
contact with the specimen in order to achieve 
high stresses. The arrangement with high 
strength adapters in contact with the specimen 
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Surface perpendicular 

Figure 1. Mechanical parts of the experimental set-up. 

allows testing at high compressive stresses 
(several GPa) although the largest parts of the 
equipment, the rods, are subjected to low 
stress levels and therefore can be made of 
ordinary steel. As the arrangement with 
adapters implies varying mechanical 
impedance along the rods, the method for 
evaluation of stress and strain was modified, 
[5]. In the present investigation the modified 
version of the SHPB has been completed with 
a cylindrical container and two pistons for 
confining and loading the liquid specimen, see 
Figures 1 and 2. The rods have a diameter of 
25 mm and a length of 1.7 m, and are made 
from high alloy steel. Two cones made of 
powder steel connect the rods with the 
cemented carbide (Sandvik H I OF) pistons. 
The cones are 70 mm long with a cylindrical 
part with length 20 mm and diameter 25 mm 
and a conical part with diameters 25 mm and 
8 mm. A case of nylon mounted on the main 
rod aligns the rod and the cone. On the 
extension rod another case of nylon is 
mounted for alignment and also to facilitate 
monitoring of the initial length of the oil 
column. This length is measured with a 
position transducer on the surface of the nylon 
case which is perpendicular to the rod, see 
Figure 1. The initial length of the oil column 
was chosen in the range 2 to 5 mm. This fairly 
large volume ensures adiabatic conditions in 
the specimen. A stopper of aluminum is 
mounted on the main side of the container to 
prevent the main rod and cone from hitting it. 

The container, Figure 2, is designed with an 
insert made of cemented carbide (CG40/HIP), 
outer diameter 30 mm with a central hole of 8 
mm, which is pre-stressed using a shrink-fit 
assembly of five rings of high alloy steel 
(SS2142, SS2550 and SS2172). It has an outer 
diameter of 200 mm and a width of 30 mm. 
The pistons have a diameter of 8 mm and a 
length of 30 mm. They are carefully ground 
and individually fitted to the cylindrical hole, 
to minimise the leakage and yet avoid metal-
metal friction. The diametrical clearance 
between the hole and the pistons is 1-2 pm, 
which was chosen to avoid jamming of the 
pistons during impact. The clearance was 
filled with oil, which reduced the friction 
between piston and container wall. 

Figure 2. The pre-stressed container and the pistons. 
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To generate an elastic wave an air gun 
accelerates a projectile with diameter 25 or 30 
mm and length 305 mm which impacts the 
end of the main rod. By controlling the 
pressure in the air tank or changing the 
acceleration distance for the projectile it is 
possible to control the speed of the projectile 
and thus the dynamic loading of the specimen. 
The speed of the projectile is in the order of 
20 m/s. A pad of thick paper was placed on 
the impacted end of the main rod as a damper, 
to give the generated wave a smooth form and 
reduce wave dispersion effects. A pre-applied 
static axial force of about 100 N on the 
extension bar ensures that all parts are in good 
contact with each other when the projectile 
impacts. Strain gauges (Micro-Measurements 
CEA-06-250UN-350) were glued in 
diametrically opposite positions at cross 
sections on the main and extension rods. 
Every pair of strain gauges were coupled for 
summation in a Wheatstone bridge to avoid 
influence from bending. The strain signals 
from the bridges are amplified (Measurement 
Group 2210) and recorded (Lucas Datalab 
DL6034) with twelve bit resolution. The 
sampling interval was 0.8 L I S and the 
recording time 1.6 ms. Al l the signals were 
transferred on line to a Macintosh Quadra 
computer and evaluated with a program 
written in LabWIEW II. 

2.2 Evaluation procedure. In a 
standard SHPB experiment the rods on both 
sides of the specimen have constant properties 
and undisturbed wave propagation prevails. In 
this investigation the cross sectional area as 
well as the material properties vary on both 
sides of the specimen due to the conical 
adapters and pistons (see Figure 1). Therefore 
the standard evaluation technique used in 
SHPB-experiments is not applicable and must 
be replaced with a more general method 
developed by [6] and applied in a similar 
situation by [5]. In this method the real system 
is represented with a model in which the 
cones are approximated with segments of 
constant properties. The rods, cones and 
pistons are thus modelled with 7 segments on 
each side of the specimen, see Figure 3. 

Assume that the incident and reflected waves 
are separated in time at a cross section A and 
that the strain history at A, e,(t), is measured. 
Then normal force N.(t), positive in tension, 

and particle velocity v,(t), positive in the x-

direction, can be determined as N (t)=EAe (t) 

and v ,(t)=-ce4(t) respectively. E is Young's 

modulus, A is the cross sectional area and c is 
the wave speed of the bar. The normal force 
and the particle velocity at other cross sections 
can be determined by successive use of the 
relations 

a) 
X, X n X 

o n e 
B 

b) 

Figure 3a. Model for evaluation with piecewise 
constant properties, 

b. Forces and velocities on the specimen 
surfaces. 

N J ( t ) = LN J_ 1(t + T,j + N H ( t - T j j + 

M v ^ + T . K ^ t - T j ) ] ^ 

and 

1 

(4) 

v,(t) = _ v N H ( t + T i ) - N H ( t - T j ) | + 

v H t + T, + v H t - ^ -

(5) 

12 

where Zj=AjEj/cj is the characteristic 

impedance for the segment between cross 
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sections x j_ j and xj and Tj=(xj_i-Xj)/cj is the 

wave transit time through that segment. The 
normal compressive force, F(t)=-N n(t), and 

particle velocity, v(t)=v n(t), at the end of the 
last segment, representing the conditions at 
the specimen interface, can thus be calculated 
from the measured strain history at point A on 
the rod. 

In the present investigation a long incident 
wave is used in order to keep the rod, cone 
and piston together and facilitate long enough 
measuring times. It is therefore possible that 
the front of the reflecting wave will reach the 
strain gauge at A and superpose the tail of the 
incident wave. In the case that the incident 
and reflected waves are overlapping at cross 
section A the particle velocity \ 4 is not simply 

related to the strain It can however be 

calculated with the aid of a second strain 

history eg(t), measured at a cross section B, 

according to the relation 

v / t h > 2 T ^ t > 

where T„, is the wave transit time between 

the cross sections A and B. With v .(t) known, 

equations (4) and (5) are used to determine the 
force and the velocity at the interface of the 
specimen. Consequently the quantities F^, F £ , 
v and v £ (see Figure 3b) on the main (M) and 
the extension (E) side of the specimen are 
known functions of time. The pressure p, the 

dilatation rate d and the dilatation d can then 
be determined according to the simple 
relationships 

d(t) = ^ [ v M ( t ) - v E ( t ) ] (8) 

d(t) = ̂  J [v M ( t ) -v E ( t ) ]dt (9) 

where L is the length of the specimen and A„ 
is the area of the piston. Equations (7)-(9) 

presume a homogeneous quasistatic condition 
in the specimen, which is achieved i f the wave 
transit time through the specimen is short 
compared to the significant time scale of the 
loading. Since the compression wave travel 
with at least 103 m/s in the specimen, the 
travel time will be at most 5 qs. Obviously 
this time scale is much smaller than any other 
prevailing in the system, which validates the 
presumption. It was also assumed that the 
radial deformation of the specimen was 
negligible compared to the axial deformation. 
Furthermore the pressure p is calculated from 
the axial force on the extension side of the 
specimen, Ff, assuming that the inertia force 
on the specimen is negligible compared to the 
compressive force. This assumption is 
validated by the fact that the force on the main 
side of the specimen, F M , coincides very well 
with FE-

2.3 Calibration procedure. In order to 
verify the accuracy of the measuring system a 
calibration was performed with cylindrical test 
specimens made of either aluminum or steel 
fitted into the cylindrical hole in the container. 
The specimen was free to expand in radial 
direction. The length of the specimen was 
manually measured before and after the 
experiment using a dial gauge, and the change 
in length was compared to the change in 
length measured by the SHPB-system. The 
difference was within 2%, indicating that the 
accuracy of the system is good. 

2.4 Test Procedure. The parts in 
contact with the lubricant were carefully 
cleaned with alcohol solvent before every test. 
Also, before every test, a position reference 
was taken on the complete system without 
specimen. This was made to determine the 
reference position for the surface of the nylon 
case from which the length of the oil 
specimen was determined in the following 
experiment. 

The piston, cone and rod on the extension 
side were removed during the filling of the 
cavity and then put back again. Great care was 
taken to avoid air in the specimen cavity. 
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Naphthenic 
Shell HVI650 

Synthetic Poly-
phenyl ether 5P4E 

Viscosity 

(40°C) 
[mPasl 

410 459 

p Density 

(15°C) 
fkg/m 3 l 

891 1198 

ß Thermal modulus 

(38°C) 

[MPa/°K] 

1.25 1.59 

C v Specific heat at 
constant volume 

(20°C) [kJ/kg°K] 

1.670 1.47 

A static axial force was applied to the system 
and when the length of the oil column had 
decreased to a predetermined value between 2 
and 5 mm the projectile was fired. 

The oils were tested several times to make 
sure that the results were repeatable. Two 
different pairs of cones and pistons were used. 
Two projectiles with different diameter were 
used and finally several different lengths of 
the oil column between 2 and 5 mm were 
used. The values of the latter were chosen in 
order to give a small relative error in the 
measurement of oi 1 column length and yet to 
have a nearly uniform stress state in the 
specimen. Results from these varying 
conditions show that the measured mechanical 
relations were not depending on the 
experimental set-up. A l l measurements were 
performed at room temperature. 

Two oils were tested, one naphthenic 
mineral base and one synthetic, see Table 1. 
These two oils were chosen because the 
naphthenic oil is a commonly used base oil 
and the synthetic 5P4E has been well 
investigated in EHL applications. 

3 Results 

3.1 Adiabatic measurements. Time 
histories typical of the experiments for 

pressure p, dilatation d and dilatation rate d 
are shown in Figures 4-6 respectively. 
Experiments have been performed up to 
pressures of 1.9 GPa. The measurements of 

the pressure-dilatation relation are based only 
on the first loading phase 

The second peak in, e.g., Figure 4 is a 
second loading-unloading phase emanating 
from a wave reflection in the main rod. The 
duration of the loading phase is about 100 p.s 
and that of the unloading phase about 300 p.s 
for the 5P4E oil, see Figure 4. These times are 
typical for both of the tested oils. 

'C 

r Loading / 

L t 

\ Unloading 

\ \ 

/ 

i ...A ..J.  i ' — \.7S*f?.i 

t [ms] 

Figure 4. Pressure plotted against time for 5P4E. 

t [ms] 

Figure 5. Dilatation plotted against time for 5P4E. 

t [ms] 

Figure 6. Dilatation rate plotted against time for 
5P4E. 

In Figure 7 a complete loading-unloading, 
dilatation-pressure cycle can be seen. The 
loading part has been used to determine the 
dilatation-pressure relation. The leakage 
during the experiment can be observed from 
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the loading and unloading curve, see Figure 7, 
and can be estimated to be in the order of 3 to 
5 percent of the total enclosed oil volume. 
Since the loading time is about one third of 
the unloading time it is reasonable to assume 
that the major part of the leakage takes place 
during the unloading phase. I f air is present in 
the oil specimen the curve will have an initial 
part which is almost horizontal, while the air 
is compressed. In such a case the curve was 
adjusted horizontally for compensation. 

P. " 
a , 

0 6 

0.4 

0.2 

Loading Unloading 

/ 1 1 / 

Leakage between loading 
and unloading 

p. 
Q 

0.15 

Dilatation d 

Figure 8. Two experiments on 5P4E and four on the 
naphthenic oil (dotted), and fitted 
polynomial models (solid). 

The 5P4E shows a lower compressibility, i.e. 
a higher stiffness than the naphthenic oil. This 
is in accordance with previous results [4]. 

To establish an empirical model, a 
polynomial equation of the form 

0.15 0.2 

Dilatation d 
:C,d + c 2d (10) 

Figure 7. Loading and unloading curve for the 
synthetic oil 5P4E. The difference 
between the loading and the unloading 
phase is leakage. 

Measured dilatation-pressure curves for 5P4E 
and the naphthenic oil are presented in Figure 
8. A significant difference in compressibility 
between the two types of oil is observed. 

has been fitted to the experimental data in 
Figure 8, using the method of least squares. 
The empirical model, with constants Ci and ci 
given in Table 2, is a good approximation of 
the original measured curve. 

The three dilatation-pressure relations, 
equations (2), (3) and (10) are presented in 
Table 2 together with suggested parameters. 

Table 2. Pressure-dilatation relation. The Dowson and Higginson [1], Feng and Ramesh [4] and present 

Dilatation-pressure relation Type of oil and constants 
Dowson & 
Higginson 

d 
P _ k , - k 2 d 

Mineral oi l : 
ki=0.6 [GPa 1] 

k2=2.3 [GPa 1] 

Feng & Ramesh Kd 
P " U - a d ) 2 

Mineral: Synthetic: 
K=1.4 [GPa] K=4.3 [GPa] 
a=3.5 a=1.0 

Present 
investigation 

p = c,d + c 2 d
2 Mineral: Synthetic: 

C1=1.3 [GPa] c,=3.1 [GPa] 
C2=15 [GPa] c2=48 [GPa] 
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3.2 Isothermal recalculations. All 
experiments have been conducted under 
adiabatic conditions. The combination of a 

negligible heat loss. In most contact applica
tions (such as EHL or ultra thin oil films), the 
fdm thickness is so small that heat conduction 
can not be neglected during the event. In such 
cases it may be more realistic to assume 
isothermal behaviour, making dynamic iso
thermal properties interesting. In order to cal
culate those, we assume that the pressure p in 
the lubricant can be described by the equation 

p = f ( d ) + ß0 (ID 

large specimen and a short loading-unloading 
cycle justifies the assumption of 

p = / ( d ) + 7 U 

ß( ß V f . d 2 V , ,v i 

Retaining terms of d and d 2 and assuming that 
/ (d ) is a second order polynomial with 

coefficients /; and P, we get the adiabatic 
pressure-dilatation relation 

i.e. that the pressure varies with one 
isothermal function of dilatation (not 
necessarily linear), and another isochoric 
function of temperature difference (from a 
reference temperature). The latter is assumed 
to be linear with a thermal modulus ß . The 
coupled heat equation for an insulated 
isotropic medium given e.g. [7] yields the 
relation between temperature- and dilatation 
rate 

dT 

dt p(d)C„ H dt 

Implementing the density function 

p(d) = and solving for the temperature 

gives T = Ta- e
A C v 2 where it is assumed 

that C v is constant during the process. Since 

0=T-To we get 

0 = Tn (12) 

Taylor expansion of (12) and insertion into the 
basic assumption (11) yields the following 
relation between pressure and dilatation 

JL d + 

t J ß2 V ß ^ 

2{p0cJ{p0Cv j 

(13) 

d 2 + 0 ( d 3 ) 

By comparing equation (13) and (10), it is 
clear that: 

P+T0 

1 _ 
P»CV 

and c, 
/ 1 j«( ß2 y ß ii 

2 i{p<>cj{p0cv ) 

from which the dynamic isothermal 
coefficients I\ and L can be calculated as Ci 
and C2 are known from the adiabatic 
measurements. Using the specimen properties 
ß, po, Cv at room temperature (see Table 1) 
and the measured coefficients ci and ci (see 
Table 2) the isothermal coefficients I] and I2 

were calculated to 0.98 GPa and 14.8 GPa 
respectively for the naphthenic oil and 2.67 
GPa and 47.9 GPa respectively for the 
synthetic oil. The isothermal pressure-
dilatation relations obtained with these 
coefficients are plotted in Figure 9 together 
with the measured adiabatic relations for 
comparison. 
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A, i 

absence of a transition may be explained by 
the temperature increase associated with the 
adiabatic compression, or by the rapid loading 

5P4E adiabatic 
5P4E isothermal 
Naphthenic adiabatic 
Naphthenic isothermal 

0.1 0.15 0.2 

Dilatation d 

Figure 9. Comparison of the measured adiabatic 
and calculated isothermal dilatation-
pressure relation (the loading phase) for 
the two oils. 

The pressures are lower in the isothermal case 
as expected and the differences between 
adiabatically measured and isothermally 
computed values are small. The temperature 
rise during the adiabatic experiments was 
calculated according to equation (12) and was 
found to be 59 °C for the naphthenic- and 64 
°C for the synthetic oil at a dilatation of 25%. 
This low temperature increase justifies the 
initial assumption that equation (11) is 
separable. 

4 Discussion 

The repeatability of the experimental results 
shown in Figure 8 is high although 
experimental parameters are varied indicating 
that the results are reliable. The results show 
that it is possible to determine the entire 
dilatation-pressure relation in one single 
experiment with high accuracy. It is worth 
noting that an abrupt change in slope at a 
point where the liquid transforms to a solid
like state can not be seen for any of the two 
tested oils. Such behaviour could have been 
expected considering the static results 
presented by [2]. [4] discuss the possibility of 
a transition point in their data obtained by the 
Kolsky bar method but due to scatter it was 
very difficult to quantify such a transition. The 

Dowson and Higginson 
(extrapolated) 

Feng and Ramesh 

c 
o 1 

Present investigation 

0 0.05 0.1 0.15 0.2 0.25 0.3 

Dilatation d 

Figure 10. Comparison of the dilatation-pressure 
relationship of mineral oils, equations 
(2), (3) and (10). Solid lines indicate 
measured values and dotted lines 
extrapolated. 

making solidification, which is a time 
dependent processes on molecular level 
difficult. 

For mineral oil, [1] made static 
measurements up to about 400 MPa. [4] have 
made dynamic measurements up to about 1 
GPa. In Figure 10 their results are plotted 
together with the results from the present 
investigation. The [1] relation has been 
extrapolated to 1.5 GPa as it is often used up 
to these pressures. As seen in Figure 10 the 
present investigation gives approximately the 
same results as the Dowson and Higginson [1] 
investigation up to 400 MPa. However, the 
curve is not so steep at higher values of 
dilatation indicating a less progressive, or 
weaker, dilatation-pressure relation. A 
comparison of the three models for the 
synthetic oil 5P4E, can be seen in Figure 11. 
In the present investigation measurements 
have been made to 1.9 GPa. Feng and Ramesh 
[4] have presented results from measurements 
on the synthetic oil 5P4E with two different 
methods in two different pressure regions. 
They measured up to 1 GPa with loading 
times of 10 (is, Feng and Ramesh (1993), 
using the Kolsky bar method and from 1 GPa 
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to almost 5 GPa, [3], using the plate impact 
method which generates loading times of 1 us. 
These loading times, 1 and 10 p.s, are quite 
short for a real contact in a bearing or a gear. 

The results of the present investigation and 
the Dowson and Higginson results have been 
extrapolated using equations (2) and (10) to 
make it possible to compare the three models at 

Present investigation 
(extrapolated) 

Dowson and 
Higginson ^ 
(extrapolated) 

v 

/ \ 
Feng and Ramesh (extrapolated) 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 

Dilatation d 

Figure 11. Comparison of measurements by Feng 
and Ramesh [4], Dowson and Higginson 
[1] and the present investigation on the 
synthetic oil 5P4E, equations (2), (3) and 
(10). Solid lines indicate measured 
values and dotted lines extrapolated. 

pressures of 2-5 GPa. As can be seen from 
Figure 11 the present investigation shows a 
significantly stiffer behaviour at higher 
pressures than the results by Feng and 
Ramesh. The loading times in the present 
investigation, 100 qs, are more representative 
for a real EHD-contact than in the 
investigation by Feng and Ramesh (1993). 

From the expressions in Table 2 it can be 
seen that the relation suggested by Dowson 
and Higginson has an asymptotic limit at a 
dilatation of 26 %. The Feng and Ramesh 
expression has asymptotes at 29 % for mineral 
oil and 100 % for synthetic oil. The suggested 
relation in the present investigation has no 
asymptotes at all. From a physical point of 
view only an asymptote at 100 % dilatation is 
relevant, since in order to compress a fluid to 
zero volume, it takes infinite pressure. 

In the isothermal parameter calculations, the 
material properties for room temperature 
(Table 1) have been used. It is assumed that 
these quantities are approximately constant 
during the compression. The thermal modulus 
ß was calculated as the product of the thermal 
expansion coefficient and the bulk modulus, 
given by the manufacturer. In the coupled heat 
equation small strains (or in this case small 
dilatation) is assumed, nevertheless in the 
calculations of the isothermal curves in Figure 
9, fairly large dilatations of up to 25 % were 
used. It is however believed, despite these 
approximations, that the recalculated curves in 
Figure 9 represent the dynamic isothermal 
behaviour of the lubricants with sufficient 
accuracy for practical purposes. 

A significant observation from Figure 9 is 
that the difference between adiabatic- and 
isothermal dynamic behaviour of the 
compressed oils is small. The pressure is only 
a few percent larger in the adiabatic case 
making it unnecessary, in practical 
calculations, to distinguish between adiabatic 
and isothermal material data for dynamic 
calculations. Time-dependent processes on 
molecular level must therefore explain 
differences between static (isothermal) and 
dynamic behaviour on lubricants. 

5 Conclusions 

The use of the modified split-Hopkinson 
pressure bar method makes it possible to 
determine the dilatation-pressure relation to 
high pressures in one single experiment. 
Dilatation-pressure relationships can be 
determined up to pressures of 2 GPa and with 
loading times comparable to those found in a 
lubricated contact in a bearing or a gear, 200-
400 qs. Experiments were performed up to 1.9 
GPa for two tested oils, a synthetic 5P4E and 
a naphthenic mineral oil. A leakage of only 3-
5% of the total enclosed oil volume occurred 
during the experiments. The accuracy and the 
repeatability for the presented method is 
within a few percent considering dilatation. A 
mathematical model in the form of a 
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polynomial of second degree has been adapted 
by curve fitting. 

The present model is adopted to different 
kinds of lubricant and is based on a method 
that gives a realistic loading time. The 
calibration procedure and the possibility to 
monitor the leakage verify a good accuracy. 
An isothermal study of the data has also been 
performed. Good coincidence between adia
batically measured- and isothermally 
calculated data is observed indicating that 
effects from adiabatically induced temperature 
rise is small. 

high-strength ceramics, Proceedings of the 
10th International Conference on 
Experimental Mechanics., 1994, Editors 
J.F. Silva Gomes et.al., Balkema, 
Rotterdam. 

6. Lundberg, B-, Carlsson, J . and Sundin, 
K. G., Analysis of elastic waves in non
uniform rods from two-point strain 
measurement., Journal of Sound and 
Vibration, 1990,137 (3), pp 483-493. 

7. Fung, Y . C , Foundations of Solid 
Mechanics 17:th edition, Prentice Hall, 
1965, New Jersey. 

Acknowledgements 

The authors would like to thank the Swedish 
Research Council for Engineering Sciences 
(TFR) and Carl Tryggers Foundation for 
financial support. The authors are also grateful 
to Sandvik Hard Materials for valuable 
support with equipment. A special thank to 
Mr. Stephen Springer, Shell Thornton, UK, 
and Mr. Manuel E. Joaquim, Findett 
Corporation, St. Charles, MO, USA, for 
supplying necessary oil data. 

References 

1. Dowson, D., and Higginson, G. R., 
Elastohydrodynamic Lubrication, 
Pergamon Press, Oxford, 1966. 

2. Hamrock, B. J . , Jacobson, B. O., and 
Bergström, S. L, Measurement of the 
Density of Base Fluids at Pressures to 2.2 
GPa, ASLE Trans., 1987, vol. 30, no 2, 
Apr., pp. 196-202. 

3. Ramesh, K. T., The Short Time 
Compressibility of Elastohydrodynamic 
Lubricants, ASME Journal of Tribology, 
1991, Vol 113, pp. 361-371. 

4. Feng, R., and Ramesh, K. T., On the 
Compressibility of Elastohydrodynamic 
Lubricants, Technical Brief, ASME 
Journal of Tribology, 1993, Vol. 115, pp. 
557-559. 

5. Färm, J , and Sundin, K G, Modified 
split-Hopkinson pressure bar for testing of 

B 11 



z\ a 





Development of an Improved Method for Investigating Frictional 
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Abstract 

In the design and dimensioning of mechanical systems performance, it is important to know the 
frictional qualities of the lubricant. Without proper numerical handling of the lubricant during 
simulations of large systems, e.g. drive trains in trucks and buses, the results will to a large 
extent be inaccurate. However, finding detailed information is demanding on the test equipment 
since the events are both transient and highly loaded. During quasi-static conditions, forces are 
measured with force transducers, but in elastohydrodynamically lubricated conjunctions, where 
pressures are so high that the surrounding surfaces deform elastically, it cannot be done without 
permanently damaging the equipment. The conceptual design of the test equipment must 
therefore incorporate the measuring process during transient conditions (loading-unloading times 
of 200-400 us), being performed in real time, and allow extreme pressures of up to 3 GPa 
without component destruction. 

One way to successfully obtain accurate frictional data is to apply a concentrated force pulse at 
a non-instrumented surface, and measure the response from that pulse somewhere else. 

The evolvement of a measurement technique, the Ball and Bar apparatus, utilizing wave-
propagation theory, is presented in this paper. An oblique impact on a robust end plate on a rod 
was used to generate both non-dispersive compression waves and dispersive flexural waves. The 
normal force created by the axial wave was measured using strain gauges, while the transverse 
force was derived from the fast Fourier transforms (FFT's) of two lateral acceleration histories, 
using dynamic beam theory. The relation between the normal and tangential force histories 
displayed the frictional properties at the impact as a function of time. A variety of lubricants 
were also studied up to a Hertzian pressure of 2.5 GPa, and the evolvement of the method and 
results are presented. Experiments indicate that different lubricants exhibit different frictional 
properties and that the resolution in the test equipment is sufficient to prove it. 

Keywords: transient, impact, Fourier, FFT, friction, pressure, tribology, EHD, EHL, lubricant, 
oil, ball, bar, wave, Euler-Bemoulli, Timoshenko, dynamic, beam 
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Introduction 

In the field of lubrication and tribology, two surfaces separated by a thin film of lubricant are 
studied. Since computer processors grow more efficient, it is advantageous to simulate large 
events, from the point of reduced accumulation of errors, rather than add up single events. 
Reliable results lean on extensive knowledge of materials behavior as well as lubricant properties 
for the relevant conditions. Such results are often lacking, making simulations less confident, and 
the events are often also elastohydrodynamically lubricated, rendering measurements difficult. 
Elastohydrodynamic conditions (EHD) are characterized by elastically deformed and moving 
surfaces, high contact pressures, lubricant compression, short loading-unloading times, and high 
shear rates. Hence, the accurate quantification of lubricant properties in such conjunctions is 
difficult due to the prevailing conditions. The aim of this research was to develop a measurement 
method for increased efficiency and damage reduction, by documenting friction build up in 
different lubricants. 

Several authors have reported experiments on the frictional properties of lubricants under 
different conditions of pressure and shear rate, and with different methods. Bowden and Freitag 
[1] used a spinning ball apparatus to investigate friction under slowly varying shear rates, 
Ramesh and Clifton [2] used inclined plate impact, and Bair and Winer [3] used high-pressure 
viscosimetry. However, none of these methods duplicated the same loading times and other 
conditions as those prevailing in practical EHD situations. Bowden and Persson [4] used the 
impact of a spinning ball to investigate friction under transient conditions. Jacobson and 
Höglund [5, 6] developed a test method utilizing a steel ball impinging a flat lubricated surface. 
In these investigations, the time-scale was representative of practical EHD situations, but the 
methods were not capable of recording the time histories of the forces during the impact. 

The present work presents the evolvement of the method described by Sundin and Åhrström 
[7], which is based on the principle of a steel ball impacting a flat surface, allowing the force 
histories in the contact to be measured during the impact. The method uses the theory of axial 
and flexural wave propagation in a straight beam, for evaluation of the normal and transverse 
transient forces at the flat end of the beam. The transverse force is obtained from two measured 
accelerations using spectral analysis. See, for example, Doyle [8]. 

Method Evolvement 

In some applications, prevalent in the academic world, the analysis of structural vibrations is 
utilized, since the information gathered from one experiment is sufficient to describe the whole 
event in real time. Many conventional set-ups and sampling techniques yield only one data point 
in each measurement, a drawback that does not apply in dynamic wave theory. In Sundin and 
Åhrström [7], a preliminary study of the suitability of applying a wave propagation technique in 
EHL experiments was performed. Their method generated satisfactory results, but required 
further improvements on the issues of accuracy, endurability, and reproducibility. Further 
systematic advancements have led to the final version of the transient EHL test rig, the Ball and 
Bar apparatus. 

In order to enhance reproducibility, the construction of the experimental apparatus was 
inverted. In the earlier model, the 16-mm in diameter cylindrical steel rod (SIS 1650) hanged by 
a string from the ceiling (to simulate a freely moving joint as the boundary condition). Holding 
the steel ball by hand and striking it against the lubricated end plate from an oblique angle was 
the manual technique to perform the load application. Clearly, the repetitiveness was very low 
and an improvement was in order. 
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In the improved version, the rod, shortened from the original five to four meters, stands 
vertically. This enables a totally different and more accurate way to control the loading 
application. The steel ball is now supported and controlled by a fixture on a moving sled. The 
release height of the sled corresponds to the desired load amplitude, and at impact, the steel ball 
strikes the end plane of the rod, releases from the sled, and bounces off the surface. The 
repetitiveness has been found to be excellent with this new improvement, and the variation is 
estimated to be within one percent of peak pressure. 

To extend the pressure range, the original set-up was upgraded with a tungsten carbide end 
plate, soldered onto the impact zone. It is expected to sustain up to 3 GPa in maximum local 
pressure, which is a relevant pressure in the EHD context. 

Regarding the accuracy, the dispersive flexural wave (interpreted as the transverse force) was 
most sensitive to noise. It was found that the impinging steel ball induced high frequency 
components in the dispersive flexural wave. The first theory used was the first order dynamic 
beam theory, as suggested by Euler-Bemoulli, with the governing equation of motion in the 
transverse direction for a slender beam: 

EIw" + pAw = 0 

As can be seen from the equation above, the theory is simple, and as is often the case with simple 
theories, they do not always satisfactorily describe the reality. Hence, the first order dynamic 
beam theory was insufficient in describing the dispersive flexural wave propagation in the 
slender rod (Figure 1). 

For a more realistic description, compensation for point masses in the impact zone (end plate 
and upper accelerometer masses) had to be done (Figure 2 and 3). To account for the high 
frequency components, second order dynamic beam theory by Timoshenko was used, where 
both the rotational inertia and the shear deformation were accounted for. The most recent version 
of dynamic beam theory encompasses both Timoshenko dynamic beam theory and compensation 
for point masses, and a detailed explanation of the theory wil l be presented in the following 
section. 

In Figure 1, the measured and evaluated transverse forces are displayed. The shape of the 
curves indicates good correlation between the most advanced theory and calibration. 
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Figure 1. Accuracy of calculated transverse forces compared to measured forces, using first- and second 
order dynamic beam theories, with or without compensation for point masses. 

Theoretical Background 

Simultaneous normal and transverse transient forces, due to an oblique impact on the end plane 
of a long rod, were considered. The transverse force 7b(/) generated by the impinging body is a 
frictional force parallel to the z-coordinate axis. The normal force 7Vo(0 is a compressive force 
oriented parallel to the rod's axis, which is the x-coordinate. An off-centre impact does not affect 
either the transverse or the normal force, but will generate a bending moment at the end plane 
oriented in the y direction, and with a magnitude of Mo(t)=No(t)-e (Figure 2). The bending 
moment and the transverse force generate a dispersive flexural wave in the x-z plane, as 
described by the centreline deflection of the rod w(x,t). Second order beam theory was used for 

evaluating the flexural wave, thereby implying that both the rotational inertia and the shear 
deformation were accounted for. The normal force was assumed to generate a planar 1-D axial 
wave, although it is more or less a point force. 
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Figure 2. Geometrical properties of a rod subjected to external loads, i.e. transverse- and normal forces, and 
a distributed load. The cylindrical body represents a rigid body of tungsten carbide with mass (mi), used to 
support the high pressures generated by the impinging steel ball, while the point mass (m 2) represents the 
mass of an accelerometer. 

The axial wave is ideally non-dispersive, and therefore the axial strain £, measured at a position 
along the rod, represents the normal impact force No through the equation 

N0(t) = AEe(t + t0 (1) 

where A is the cross-sectional area of the rod, E is Young's modulus, and to is the travel time for 
the wave between the end and the cross-section where strain is measured. 

In contrast to the non-dispersive axial wave, the dispersive flexural wave is more complex to 
handle numerically. The equation of motion in the transverse direction for a Timoshenko [9] 
beam is 

EIw"" + pAw~pI\ 1 + — 
kG kG 

(2) 

where ( ) and (') denote differentiation with respect to the .v-coordinate and time, respectively. 

The Young's modulus E, shear modulus G, area moment of inertia I, density p, cross-sectional 
area A, and geometrically-related correction term k (as described by Shames and Dym [10]) are 
all constant along the beam. Equation (2) represents a dispersive mechanical system, and a 
Fourier decomposition of the time-dependent quantity w(x,t) is introduced. A general harmonic 
wave solution of the form wh(x,t) = Be^'a+m' inserted in equation (2) yields the characteristic 

equation, 

ElkGK* - (plkGct)2 + pIEco2 )K2 + p2Ia>4 - pAkGar = 0 (3) 

where m is the angular frequency. 
Since equation (3) is of the fourth degree, it yields four solutions to the wave number K, of 

which only two are physically acceptable for an initially quiescent semi-infinite rod impacted at 
its end. The final expression for a harmonic component of the transverse displacement is: 
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K,t) = w[x,co)e,ca' = [Bxe
v +B2e

,^\,m = 

/(—, 1 ^ pl<a2(kG+E\no^ p2l2<a2(kG+E)2-AEIkG(p2Idl2-pAkG) Xx 

B,e •j2E,lG * + 

B,e[ 

^pla2{kG+E'ya4p2]2a2(kG+Ef-AElkG{p2lw--pAkG)\x 

(4) 

The first term in equation (4), having always a real wave number, represents a harmonic wave 
traveling in the positive x direction. The second term, having an imaginary wave number, 
represents a non-propagating vibration or a so-called evanescent solution (for angular 

frequencies co < 
kGA 

[s - 1]). The term within the bracket in equation (4) is the Fourier 

transform of the transverse displacement, and B\(co) and B2(co) are complex constants. Utilizing 
the relations between displacement, shear force, and bending moment, and completing with 
compensation for external masses, yields the following expressions: 

ikG 

f i kGK2 - par) [kGK, - p a f ) 
-B,+ 

K K, 

EI 

ikG 

M0 = EI 

f 

or 

•—[(kGK2 - pco2)B]Kl+[kGK2

2 - par)B2K2^ + [mi +i 

(BiK
2+B1K1

2y^a]r(B, + B2) + m^a)2 (Bx+B2) + 

f r 2 ( 2 / , n Y [ k G K 2 - p ( 0 2 ) d [kGK2-pof\ 

12 (ikGK^) 
-B,+-

[ikGK, 

(5) 

(6) 

•IT I 

Should the moment due to off-axis impact be negligible, i.e. M0 [t) = 0, then the complex 

constants B\(a)) and Biico) could be determined through equation (6). The outcome would be that 
only one measured quantity would be needed in order to evaluate the transverse force. Since zero 
moment cannot be guaranteed, another approach was considered. In order to determine the 
constants B](co) and Biioi) in equations (5) and (6), two frequency-related quantities have to be 
measured. The two acceleration histories enabled this determination through the expressions: 

a,(x = x,) = -ü)2w[x^a>) = - 5 , « V r ' v ' -B 2 0) 2 e ' K ' : X ' 

a2[x = x2) = -co2w[x2 ,co) = -B]0}2e"c,X2 -B2ofe,K-X2 

Since the position X\ conveniently can be chosen to zero, as given from the experimental set-up, 
the expressions in equations (5) and (6), eliminating B\ and Bj, become: 
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ikGw 

, , s(/3, — ä\n) , , , \(å7 — ä,m) 
2\ (kGK2 - par)^f L-^-KX -(kGK2-por ) V 4̂ *"? 

M 0 = 
£7 

- K, 

n-m) 

— (mx + m2)åx-

(7) 

(å2— åxn) 2 (å2-å 

(n — m) 

1 

(n-m) 
-K' 

pa> „ 
+ — — a , 

ikG 

r2 l1 , 
m, \ /,"+ — + — l + mJ, 

4 3 ' 

kG 

\ 

) 

(kGK2 - pcrf )(d2-åxn) (kGK2 - pof) (ä 2 - o, m 

2/, (pl + mjx 

ikG 

(n—m) 

[kGK2 — pof) (a j -Ö!«) (kGK2-pof) (å2 -åxm) 

K (n — m) K (n-m) 

2ER 

ikGw 
(kGK2 - pco2) 

[Oj-axn, 

(n — m) 
Kx -(kGK2 - por} 

(a, -åxm) 

(n — m) 
K 

2(mx +m1)åxlx (8) 

where m = e'*'*- andn = e'*1"3. The time function T0(t) was found by inverse Fourier 

transformation of expression (7), yielding the desired time history of the transverse force. It 
should also be pointed out that, in principle, besides acceleration, other quantities (e.g. velocity, 
displacement, or strain) that are related to flexural deformation could also be used for evaluation 
of the transverse force. Acceleration is, however, best suited for FFT analysis since it is of 
transient character and falls to zero immediately after the event. 

Experiments 

In order to carry out the experiments, an apparams that satisfy the criteria for a Timoshenko 
beam was designed and instrumented for compression- and flexural-wave measurements 
simultaneously. The apparams also had to produce an oblique impact, and be easy to clean and 
apply lubricant onto. 

The improved apparams encompassed all the advantages demanded of good EHD test 
equipment: good accuracy, time resolution and pressure endurance. 
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Figure 3. Experimental set-up for calibration. 

Set-up 

In Figure 3, the experimental set-up is shown. A cylindrical steel rod (SIS 1650) with diameter 
16 mm and length 4 m is stood vertically with its upper end surface free. A tungsten carbide end 
plate, with high compressive strength, is centred and soldered onto it. A 50-mm steel ball, 
supported and controlled by a fixture on a moving sled, is sent to impact the end plane from an 
oblique angle. Upon impact, the steel ball strikes the tungsten carbide plate, releases from the 
sled, and bounces off the end surface. 
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Normal and transverse forces from an off-centre impact on the free end generate compressional 
and flexural waves in the rod. Both the transverse force and the bending moment contribute to 
the flexural wave i f the impact is not in the centre of the cross-section. At a position 940 mm 
from the end plane, a strain gauge pair of piezoresistive type is mounted and coupled to a 
Whetstone bridge for bending moment suppression, measuring the axial strain history. After 
amplification (Measurement Group 2210 signal conditioning amplifier), the signal is recorded 
and used to calculate the normal force history N0(t) according to equation (1). Lateral 
accelerations (z-direction) are measured by two identical accelerometers (Briiel&Kjær 4393) at 
two different positions along the beam. The upper accelerometer is positioned as close to the end 
plane as possible, creating a reference datum, and the other is positioned 40 mm below the upper 
accelerometer. Two identical charge amplifiers (B&K 2635) are used to amplify the 
accelerometer signals, and a digital oscilloscope (YOKOGAWA DL4100) records the data. The 
sample rate used was ten samples per microsecond, and the record length was 10 000 samples. 
The software used for evaluation purpose is Matlab 5.2, including a 10.000 point FFT and 
inverse FFT. The transverse force is calculated according to equation (7). 

Calibration 

A factory-calibrated impact hammer (B&K 8202) with a piezoelectric force transducer (B&K 
8200) was used for verification of the evaluation procedure. According to the calibration chart, 
the sensitivity of the hammer was 0.95 pC/N. The signal from the hammer was amplified (B&K 
2635) and recorded. A transverse impact diametrically opposite to the accelerometer and as close 
to the upper end plane as possible is suitable for verification of the evaluation model, equation 
(7). The two measured acceleration histories from such a transverse impact are shown in Figure 
4 and it is noted that there was a difference in histories due to the dispersive nature of the 
flexural wave and the distance between the accelerometers. 
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Figure 4. Measured acceleration signals from the transverse force calibration. 

As discussed previously, the measured and evaluated transverse forces are displayed in Figure 1 
(compare curves "Measured" with Timoshenko dynamic beam theory plus compensation for 
external masses "Timoshenko+masses"). The shape of the curves indicated good correlation 
between the most advanced theory and practice, both in terms of amplitude and phase. 

With regards to the normal force, the wave propagation was of a totally different nature. Since 
the compression wave is non-dispersive, the output of the strain gauges is directly proportional to 
the normal force, thus making the evaluation easy (Figure 5). Due to the wave propagation 
velocity of the compression wave and the distance to the strain gauge pair, the measured 
response was delayed by 179 (as (to). By striking the end plate with the calibration hammer in the 
normal x-direction and measuring the time between the load peaks, the delay could be 
determined. 

Tests were done to assure full film lubrication for all pressures and oils. By applying a 100 mV 
potential difference between the ball and the rod, and measuring any potential equalization due 
to asperity contact, it was confirmed that full film lubrication prevailed during the impacts. I f the 
lubricating film were not fully developed, asperities would come in contact, spoiling the friction 
coefficient measurements. 

The bending moment originating from an off-centre impact was calculated through equation 
(6), but was of no importance to the evaluation of the friction coefficient, since only the normal 
and transversal forces are required. Hence, no efforts were made to justify the accuracy of the 
evaluation algorithm for the calculated end moment. 
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Figure 5. Measured and evaluated normal force histories from calibration. 

Experimental Procedure 

Experiments to test lubricant friction during the relevant EHL conditions were performed. The 
following lubricants were tested at Hertzian pressures of 1.4, 2.0, and 2.5 GPa: Naphthenic 
mineral oil, Paraffmic mineral oil, Polyglycol, Polyalphaolefm, and Rapeseed oil. The properties 
of the tested lubricants are presented in Table 1. 

Table 1. Lubricant properties at atmospheric pressures. 

Lubricant Density at 15°C Dynamic viscosity at Viscosity index (VI) 

p[kg/m 3] 40°C n0 [mPas] 

NAM 920 154 3 
PAM 887 154 95 
PG 1002 136 198 
PAO 832 37 136 
RSO 921 34 215 

The ball and end plane were thoroughly cleaned, and a thin layer of the lubricant specimen was 
applied to the latter. The steel ball was released from a designated height, corresponding to the 
desired pressure, and sent to impact the end plane from an oblique angle. An actual measurement 
for a Polyglycol sample at 2.5 GPa can be seen in Figure 6. 
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Figure 6. Measured transverse- and normal force histories for a Polyglycol sample at 2.5 GPa. 

The contact time was about 250 qs and the magnitudes of the forces were what would be 
expected for a lubricated conjunction subjected to a pressure of 2.5 GPa at full film lubrication. 

Results and discussion 

In Figures 7a-c, the friction coefficients (defined as the quotient between transverse and normal 
forces) for the different lubricants at the designated pressures are displayed. It can be seen that 
the relation between transverse and normal forces depended on the lubricant, and that the 
frictional properties of the lubricants seemed to vary during the impact. 

The relations shown in Figures 7a-c are results from several friction experiments with different 
lubricants and at different pressures. The forms of the curves indicated that friction conditions 
changed during the loading and unloading sequences, and a maximum was obtained when the 
normal force peaked. A possible explanation is that, due to the high pressure, the lubricants 
underwent transition into an amorphous solid-like state. The increase in pressure had elevated 
the resistance to shear within the lubricant, hence the friction coefficient increased. After the 
peak in friction coefficient (corresponding to the peak in pressure) the friction coefficient 
decreased by approximately 5-15%. The exception was the measurement in Figure 7a, which is 
currently the minimum reliable limit, with respect to load application, for the apparatus. 

An error analysis was executed in order to determine the sensitivity of erroneous measurement 
of the time shift in the axial wave. A relatively large error, 3 us, did not have any significant 
impact on the slope of the evaluated friction coefficient. 
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Figure 7a. Friction coefficient as a function of time for a Hertzian pressure of 1.4 GPa. 
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Figure 7b. Friction coefficient as a function of time for a Hertzian pressure of 2.0 GPa. 
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Figure 7c. Friction coefficient as a function of time for a Hertzian pressure of 2.5 GPa. 

A small oscillation from a superposed high frequency vibration could be seen in all figures (most 
apparent in figure 7a). The source of this vibration is the double-bounce of the steel ball, created 
by the compression wave reflex in the steel ball, interfering with the lateral acceleration 
measurements. The frequency could be filtered with a narrow band FFT-filter, but no such 
filtering was done in order to avoid information loss. 

The relation between the different molecular structures of the oils and the friction coefficient is 
interesting. Long straight molecules like PAO, esters, and polyglycols are relatively flexible and 
deform easily when subjected to pressure. The molecules in a well-refined mineral oil like the 
naphthenic or the paraffinic oils have a lesser likelihood to adopting different kinds of 
configurations, and the oil is therefore expected to have a stiffer behavior. This relation was 
observed in an earlier study, E. Höglund [11], and the ranking of the oils with respect to 
frictional coefficient came out to be the same. A general tendency of a decreasing friction 
coefficient with increasing pressure was observed. This tendency had earlier been detected by M . 
F. Workel [12], but no interpretation was attempted. A theory would be that the origin of the 
phenomenon is of thermal nature, but in order to find a physical explanation to it, a detailed 
study of the governing parameters in an EHD conjunction is required. 
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Conclusion 

Theoretical background and experimental verification is presented for a method that allows the 
simultaneous measurement of transverse and normal forces due to impact on the flat end of a 
straight beam. The method was based on the relation between the transverse accelerations of 
points along the beam and the generating quantities at the impacted end. 

The transverse equation of motion according to Timoshenko dynamic beam theory was used in 
the analysis. Accordingly, shear deformation and rotational inertia of the beam were considered, 
and it is believed that rotational inertia is of importance because of the high frequency 
components generated by an impact. Also, the inertia of the upper accelerometer and tungsten 
carbide end plate was accounted for in the evaluation model. This effect is considered to be 
important due to the high accelerations that arise. 

Since the intention is to use the method for friction investigations, it is important that the 
included forces can be measured accurately. It is observed from Figure 1 and Figure 5 that the 
evaluated transverse force and the measured normal force agreed well with the corresponding 
measured calibration hammer force histories. The accelerometers used were, to some degree, 
sensitive to acceleration in the perpendicular direction, causing disturbances from the axial 
acceleration to superpose the transverse measurement. According to the manufacturer, the 
maximum transverse sensitivity is 1.8%. The natural frequency of the accelerometers is a 
limiting parameter and should be as high as possible. 

From the results of this investigation, it could be concluded that: (i) the suggested method is 
capable of simultaneous measurement of normal and transverse forces during an impact event, 
(ii) the achieved accuracy is good, (iii) transient friction phenomena can be studied with this 
method during relevant EHD pressures, and (iv) the ranking of the tested lubricants agrees well 
with the results from earlier studies. 

Further work on the construction of a temperature-controlled environment, the implementation 
of new and user-friendlier software, as well as extensive measurements on several commonly 
used lubricants and model hydrocarbons are currently underway. 
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An experimental study of the influence of heat storage and 
transport ability of different lubricants on friction under transient 
elastohydrodynamic conditions 
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Abstract: 

Lubricated transient elastohydrodynamic (EHD) conjunctions are extremely difficult to simulate 
numerically since lubricant properties such as temperature and viscosity vary significantly during 
the loading-unloading event. Nevertheless industry has invested considerable time and effort in 
trying to create such models in order to increase performance and reduce emissions and friction. 
One of the essential requirements for a successful model is accuracy in the implementation of 
frictional properties. The experimental method presented in this paper used an impact on the end 
surface of a beam to generate propagating waves that were subjected to fast Fourier transform 
(FFT) analysis. The method yielded detailed information about the buildup and decay of normal 
and frictional forces as a function of time for various lubricants at three different initial 
temperatures (20°, 40°, and 80°C) and at relevant EHD pressures. 

A variety of lubricants were studied to a peak Hertzian pressure of 2.5 GPa for loading-
unloading times of 200 to 400 qs (typical for elastohydrodynamically lubricated conjunctions in 
ball bearings and gears). A qualitative study of the thermal properties of the lubricants and their 
influence on viscosity and friction coefficient was also undertaken, and finally, a plausible 
explanation of the observed behaviour was presented, and parallels to dynamic simulations of 
polyatomic gases were drawn. 
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Introduction 

Surfaces in contact in such common equipment as gearboxes and roller bearings often transmit 
high loads during relative motion. These loads make them vulnerable to surface damage in a 
process called wear, leading inevitably to costly machine breakdowns and service interrupts. The 
addition of a carefully chosen lubricant can minimize the wear and optimize efficiency. 
Lubricants functions also include serving as sealers, dampers, coolers, and additive carriers. 
Thus the choice of the appropriate lubricant with respect to dynamic loading characteristics and 
environmental variables of the application is crucial to obtaining optimum performance and 
resultant economies. 

Detailed knowledge of the parameters governing frictional properties is critical to choosing the 
most appropriate lubricant. Identification of these parameters involves developing theories, 
verifying the theories through accurate measurements, and modelling the observed phenomena. 
This study focuses on parameters relating to transient elastohydrodynamic lubrication (EHL), 
which is characterized by high lubricant compression due to extreme loads, high shear rates, and 
elastically deformed surfaces, all in a few hundred microseconds. 

The aim of this study is to determine the frictional properties of lubricants in an EHL 
environment and to assess knowledge of the lubricant properties that affect friction. The addition 
of thermal adjustment capability to the experimental set-up facilitates application of the findings 
to the lubrication of combustion engines, as required by the automotive industry. 

Several studies have examined the frictional properties of lubricants under different conditions 
regarding pressure and shear rate. These smdies used different methods: reference [1] used a 
spinning ball apparams to investigate friction under slowly varying shear rates; reference [2] 
used an impact on an inclined plate, and reference [3] used high-pressure viscosimetry. In none 
of these methods are the loading times and other conditions the same as those prevailing in 
actual elastohydrodynamic (EHD) situations. 

Reference [4] used the impact of a spinning ball to investigate friction under transient 
conditions. References [5, 6] developed a test method utilizing a steel ball impinging on a flat 
lubricated surface. In these investigations the time scale is representative of actual EHD 
situations, but the methods are not capable of recording the time histories of the forces during the 
impact. 

The present paper presents an improved version of the method used in reference [7], which 
involved a steel ball impacting a flat surface, allowing the force histories in the contact to be 
measured during the impact. The method uses the theory of axial and flexural wave propagation 
in a straight beam to evaluate normal and transverse transient forces at the flat end of the beam. 
The transverse force is obtained from spectral analysis of two accelerations (see reference [8]). 

None of the studies discussed so far attempted to relate the observed frictional quantities to 
such qualities as the molecular structure of the lubricant or its thermo-physical properties. 

Reference [9] measured several relevant physical properties of various lubricants and model 
hydrocarbons, but did not investigate any connection between their thermal and frictional 
properties. Reference [10] noted a connection between frictional properties and base oil 
properties, but was content merely to discuss this without attempting an explanation. Reference 
[11] reports a comprehensive study of lubricant behaviour in an EHD contact but did not link 
friction and supplied energy in the contact zone. 

This study use measured friction data on several different lubricants to provide a qualitative 
explanation of the link between inserted energy and the thermal properties of the lubricant. 
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Theoretical Background 

The simultaneous normal and transverse transient forces resulting from an oblique impact on the 
end plane of a long rod (see Figure 1) are described in detail in reference [12]. The normal force 
AW?) is an axial compressive force parallel to the rod's centreline. The axial wave is ideally non-
dispersive, and therefore axial strain e measured at a position along the rod represents the normal 
impact force through the equation 

N0(t)=AEe(t + t 0 ) (1) 

where A is the cross-sectional area of the rod, E is Young's modulus, and t0 is the travel time for 
the wave between the end and the cross-section where the strain is measured. 

The transverse force 7o(r) generated by the impinging body is a friction force perpendicular to 
the normal force. An off-centre impact affects neither the transverse nor the normal force, but 
will generate a bending moment at the end plane. The bending moment and the transverse force 
both generate dispersive flexural waves in the rod, described by the centreline deflection of the 
rod. The dispersive flexural waves are more complex to handle numerically than the non-
dispersive axial wave. Second order Timoshenko beam theory was used to analyze the flexural 
wave, so as to account for both rotational inertia and shear deformation. The normal force was 
assumed to generate a plane 1-D axial wave despite being more or less a point force. 

Utilizing the relations between displacement, bending moment, and shear force and 

compensating for external masses yielded the following expression for the tangential force T0 on 

a spectral representation: 

T =-
1 0 
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where p is the lubricant density, / the area moment of inertia, m\ is the mass of the end plate and 

mi is the upper accelerometer mass (see Figure 1). The distance between the centre of gravity for 

the tungsten carbide endplate and the upper accelerometer is 1\, while A: is a geometrical 

correction term, and G is the shear modulus. K\ and K2 are the two wave numbers, <5, and a2 the 

upper and lower acceleration histories in spectral form, and co is the angular frequency. Two 

functions, m = e'*'"2 and n = e'*2'2, were introduced, in which x2 represents the distance between 

the EHD zone and the lower accelerometer. The time function T0(t) was found by inverse 

Fourier transformation of expression (2), yielding the desired time history of the transverse force. 

Experiments 

The experimental set-up described in reference [12] was used, supplemented with enhanced 
evaluation software and a thermally insulated box at the upper end of the rod with external 
heating that enabled high-temperature measurements. The hardware enhancement consisted of a 
polystyrene box, mounted on the foundation supporting the track for the freely moving sled and 
steel ball. 
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In each experiment a lubricant sample was applied to the thoroughly cleansed tungsten carbide 
endplate, the polystyrene lid was tightly closed, and the heating gun was set to the desired 
temperature and turned on. The steel ball was put in an oven set to the same temperature. 
Thermal equilibrium, when all steel surfaces had reached the desired temperature, was normally 
achieved after about 20 minutes i f starting from room temperature. The lid was then removed 
and the ball positioned in its cradle at an elevated position corresponding to the desired pressure. 
The ball was then released to impact the lubricated endplate on the instrumented rod (see Figure 
1). Temperature measurement was accurate to ±1°C. Tests have been performed to assure full 
f i lm lubrication for all pressures and lubricants. By applying a 100 mV potential difference 
between the ball and the rod, and measuring any potential equalization due to asperity contact, it 
has been confirmed that full film lubrication prevails during the impact. 

Figure 1. Experimental set-up consisting of an instrumented rod, a ball supported by a sled on a track, 
insulated housing with lid (not shown) and a heating gun with thermostat. 

Normal and transverse forces from an off-centre impact on the free end generate compression 
and flexural waves in the rod. The axial strain history was measured by a pair of piezo-resistive 
straingauges coupled to a Wheatstone bridge so as to suppress bending moment. The signal was 
used to calculate the normal force history N0(t). 

Lateral accelerations (z-direction) are measured by two identical accelerometers (B&K 4393) 
at two different positions along the beam. The signal was amplified and second order dynamic 
beam theory was applied to the wave to calculate the transverse force history To(t). A calibrated 
impact hammer (B&K 8202) with a piezo-electric force transducer (B&K 8200) was used to 
verify the evaluation procedure. 

A 4-chamiel, 12-bit, ultrahigh-speed data acquisition card (ComputerBoards PCI-DAS 
4020/12) simultaneously records the data at a sample rate of 2 mega samples per second and 
with a block size of 65536 samples per channel. The information is collected from the data 
acquisition card by Lab View 5.1 software, which is then used to perform all calculations and 
present the results. 
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Specimens 

The choice of lubricants and base fluids for this study was based on their industrial significance 
and relevance to fundamental research (wide spectra of physical and chemical properties) as 
model hydrocarbons and blends. The base oils and fully formulated lubricants span a 
representative range of synthetic (synthetic ester, polyalphaolefin, polyglycol and polyphenyl 
ether) and mineral base oil blends. Since the lubrication regime was full film (HD) in all test 
cases, no significant differences in transient frictional properties due to additivation effects were 
expected. 

A. 2,6,10,15,19,23-hexametyltetracosane, Squalane, model hydrocarbon for a branched 
paraffin 

B. TMP-Cg.jo, Polyolester, synthetic ester, used as base fluid for environmentally adapted 
lubricants (EALs) such as hydraulic fluids 

C. TMP-C]8:i, Polyolester, synthetic ester, used as base fluid for environmentally adapted 
lubricants (EALs) such as hydraulic fluids 

D. 5P4E, Polyphenyl ether, used as high-temperature, highly radiation-stable turbine fluid in 
nuclear reactors 

E. VG 150, Polyglycol, synthetic gear oil formulation. 
F. VG 150, Naphthenic 100%, model gear oil blend 
G. VG 32, Naphthenic 50%, Paraffinic 50%, model hydraulic oil blend 
H. VG 68, Naphthenic 50%, Paraffmic 50%, model hydraulic oil blend 
I . VG 150, Naphthenic 50%, Paraffmic 50%, model hydraulic oil blend 
J. VG 150, Paraffmic 100%, model hydraulic oil blend 
K. VG 46, PAO, SL 98-202, fully formulated synthetic EAL hydraulic fluid 
L. VG 150, PAO, fully formulated synthetic gear oil. 
M. 2-(ethyl)-hexylsebacate, a synthetic diester used in engine oils 
N. 9-(n-octyl)-heptadecane, Trioctylmethane, synthetic model hydrocarbon 
O. Shell T9 turbine oil, light-duty mineral oil-based turbine oil 

Due to the low kinematic viscosity of 2-(ethyl)-hexylsebacate (11.7/3.2 cSt at 40/100°C), 9-(n-
octyl)-heptadecane (8.4/2.4 cSt), and Shell turbine oil (9.0/2.3 cSt), those lubricants were 
excluded from the test since full film lubrication could not be assured at all times. 

Table 1. Bulk- and thermo-physical properties for the tested lubricants. 

Tested 
lubricant: 

Density: 
[kg/m3] 

Kin. viscosity: 
40/100°C [cSt] 

VI : Å20°C 
[W/m°K] 

pCp 20°C 
[J/m3 °K] 

A 795 19.3/4.1 99 0.321 2.409 
B 928 19.5/4.3 130 0.386 2.668 
C 904 46/9.5 136 0.423 2.639 
D 1198 383/13.1 Neg 0.240 1.600 
E 1002 132/22.3 198 0.386 2.711 
F 920 157/10.4 3 0.308 2.352 
G 883 30/4.9 71 N/A N/A 
H 890 66/7.4 58 0.321 2.381 
I 903 147/12.3 63 0.337 2.409 
J 888 148/14.5 97 0.402 2.539 
K 816 45.7/7.7 136 N/A N/A 
L 864 141/19 150 N/A N/A 
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Results 

The tribological tests yielded data regarding the mean lubricant friction coefficient over the 
contact zone with high time resolution and at different start temperatures, enabling observation 
of the buildup and decay of friction as a function of time and pressure. Reference [12] supplied 
friction coefficients for five different oils at room temperature for three different pressures, as 
displayed in Figures 2a-c. The time window chosen coincides with the segment where the 
normal force exceeds 50% of its peak value. Similar curves were generated (in this smdy) for all 
the lubricants listed in Table 1. 

0.08r 

}0137 0.39 0.41 0.43 0.45 0.47 0.49 0.51 0.53 0.55 

Time [ms] 

Figure 2a. Friction coefficients for five different lubricants at 1.4 GPa peak Hertzian pressure, Reference 
[12]. 
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Figure 2b. Friction coefficients for five different lubricants at 2.0 GPa peak Hertzian pressure, Reference 
[12]. 
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Figure 2c. Friction coefficients for five different lubricants at 2.5 GPa peak Hertzian pressure, Reference 
[12]. 
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Tables 2a-c present the results from the friction tests. Three different pressures and temperatures 
were used in the experiments, and the frictional data presented are an average of at least three 
consecutive measurements on each lubricant at the point where the normal force peaks. The 
average peak friction coefficient (for a minimum of three repeated measurements at each 
temperature and pressure) is presented along with the maximum and minimum peak friction 
coefficient in the tests. 

Table 2a. Mean friction coefficients for the tested lubricants at 20% initial temperature for 1.4, 2.0, and 2.5 

Oil 

1.4 GPa 2.0 GPa 2.5 GPa 
Oil Friction 

coefficient 
Max value Min value Friction 

coefficient 
Max value Min value Friction 

coefficient 
Max value Min value 

A 0.069 0.070 0.066 0.056 0.056 0.056 0.043 0.043 0.043 
B 0.046 0.048 0.045 0.042 0.043 0.042 0.036 0.036 0.035 
C 0.046 0.047 0.045 0.031 0.032 0.031 0.025 0.025 0.025 
D 0.100 0.102 0.098 0.069 0.070 0.068 0.050 0.051 0.048 
E 0.051 0.051 0.050 0.029 0.030 0.029 0.022 0.023 0.022 
F - - - 0.046 0.047 0.045 0.031 0.031 0.031 
G - - - 0.050 0.051 0.049 0.038 0.038 0.038 
H 0.060 0.060 0.057 0.037 0.038 0.037 0.029 0.029 0.029 

I - - - 0.040 0.041 0.040 0.030 0.030 0.029 
J - - - 0.024 0.025 0.024 0.025 0.027 0.023 

K 0.043 0.044 0.042 0.026 0.027 0.026 0.022 0.022 0.021 
L 0.039 0.040 0.038 0.027 0.028 0.027 0.022 0.022 0.022 

2b. Mean friction coefficients for the tested lubricants at 40 °C initial temperature for 1.4, 2.0, an 
>ressure, including maximum, and minimum coefficients. 

Oil 

1.4 Gpa 2.0 GPa 2.5 GPa 
Oil Friction 

coefficient 
Max value Min value Friction 

coefficient 
Max value Min value Friction 

coefficient 
Max value Min value 

A 0.058 0.060 0.056 0.059 0.060 0.059 0.051 0.051 0.051 
B - - - 0.042 0.042 0.042 0.036 0.036 0.036 
C 0.035 0.036 0.034 0.033 0.034 0.033 0.028 0.029 0.028 
D - - - 0.081 0.081 0.080 0.067 0.066 0.068 
E 0.068 0.070 0.067 0.041 0.042 0.040 0.031 0.032 0.030 
F 0.065 0.066 0.064 0.040 0.040 0.039 0.032 0.033 0.030 
G 0.073 0.075 0.071 0.059 0.060 0.058 0.050 0.051 0.049 
H - - - 0.050 0.050 0.049 0.042 0.042 0.042 

I 0.058 0.060 0.057 0.035 0.036 0.035 0.030 0.031 0.030 
J 0.056 0.058 0.054 0.041 0.041 0.040 0.029 0.029 0.028 
K 0.056 0.058 0.054 0.035 0.036 0.035 0.028 0.028 0.027 
L 0.051 0.052 0.049 0.035 0.035 0.034 0.028 0.028 0.027 
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Table 2c. Mean friction coefficients for the tested lubricants at 80 °C initial temperature for 1.4, 2.0, and 2.5 

Oil 

1.4 GPa 2.0 GPa 2.5 GPa 
Oil Friction 

coefficient 
Max value Min value Friction 

coefficient 
Max value Min value Friction 

coefficient 
Max value Min value 

A - - - 0.052 0.053 0.051 0.052 0.054 0.050 
B - - 0.028 0.029 0.028 0.036 0.036 0.036 
C - - - 0.027 0.027 0.026 0.031 0.031 0.031 
D - - 0.098 0.099 0.098 0.087 0.088 0.087 
E 0.060 0.062 0.059 0.051 0.052 0.051 0.042 0.043 0.041 
F 0.073 0.074 0.071 0.067 0.068 0.067 0.054 0.054 0.053 
G 0.055 0.056 0.055 0.061 0.062 0.061 0.059 0.059 0.059 
H 0.059 0.060 0.058 0.061 0.061 0.060 0.059 0.060 0.058 

I 0.066 0.068 0.064 0.056 0.057 0.056 0.048 0.049 0.047 
J 0.059 0.060 0.058 0.053 0.053 0.052 0.046 0.046 0.045 
K 0.041 0.041 0.041 0.039 0.039 0.038 0.036 0.037 0.035 
L 0.036 0.037 0.035 0.039 0.040 0.038 0.037 0.037 0.036 

It can be seen that some frictional data are missing in Tables 2a-c. It was found that at 1.4 GPa 
pressure, the current minimum operational limit for this set-up, the contacting surfaces for 
certain lubricants are not fully separated, hence asperities are in contact (i.e. the full film 
criterion is not met). Under such circumstances, the frictional data generated fluctuates 
erratically and is therefore inconclusive. Al l such data were excluded from the tables. 

Discussion 

Earlier experiments with the set-up confirmed that the accuracy and reproducibility are very 
good. In Figures 2a-c which present friction coefficients, calculated as the quotient between 
transverse and normal forces, a small waviness superposed on the curves can be observed. This 
waviness corresponds to the diameter of the impinging steel ball and the wave propagation 
velocity for the material. Omitting the corresponding frequency component, using an FFT wil l 
remove this waviness and smoothen the curves. 

It is clear that the friction coefficient undergoes a transient change during the impact process. 
Figures 2a-c clearly show that the friction coefficient increases with contact pressure during 
each impact. However, it is equally clear that when different impacts are compared, the friction 
coefficient decreases with higher peak pressure. The latter phenomenon was also observed in 
reference [13], but no explanation was attempted. This smdy sets out to show that a thorough 
analysis of the thermal properties of the lubricant, and the phases it undergoes during the impact 
may shed some light on this apparent contradiction in frictional behaviour. 

A lubricant molecule entering the inlet zone will gradually feel the effects of increasing 
pressure and shear. This effect, called "inlet shear heating," was observed in references [14] and 
[15] and has been recognized as an important parameter in determining the final film thickness, 
among other things, in elastohydrodynamically lubricated conjunctions. A higher release height 
for the supported steel ball will generate higher pressure and a higher transverse velocity 
component, heating the inlet and thermally lowering the viscosity at the inlet to the contact zone. 
The viscosity increases exponentially with increasing pressure, but the effect is diminished to 
some degree by the inlet shear heating. 

In the contact zone, the lubricant is exposed to extremely high pressures and shear rates, with a 
corresponding rise in temperature. At high temperatures the thermal properties of the lubricant 
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become important, even in relation to viscosity. A high thermal conduction coefficient X conveys 
the supported heat efficiently to surrounding areas, lowering the temperature in the film and thus 
lowering the viscosity-diminishing effect. By contrast, a low thermal conduction coefficient wil l 
keep the thermal energy, almost adiabatically, in the centre of the contact, counteracting the local 
pressure-induced viscosity increase (see Figure 3). 

Figure 3. Schematic of the temperature profile for a lubricant trapped between infinite plates and subjected 
to a transient pressure- and shear pulse. To the left is a lubricant with a low thermal conductivity coefficient 
A, demonstrating a shear band with an almost adiabatic temperature profile. To the right is a lubricant with 
high X, exhibiting an almost isothermal temperature profile. 

A high contact temperature also influences the solidification of the lubricant. When the lubricant 
in the conjunction is subjected to high pressures, it undergoes a phase transition from a fluid to 
an amorphous solid. However, higher temperatures increase the mobility of the atoms in the 
lubricant molecules and hence opposing solidification. Reference [16] supports this assertion and 
proposes a phase diagram for lubricants (see Figure 4) in which different pressures and 
temperatures are linked to different phase regimes of the lubricant. The diagram shows the 
expected phase transitions in a lubricant as it moves along a predefined path, corresponding to 
the characteristics of the loading. 
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Figure 4. Phase diagram for 5P4E as proposed by reference [16]. 

The results of the present experiment support this approach and an attempt will also be made to 
present theoretical justification for why this is the case. 

A schematic representation of the phase diagram above is shown in Figure 5, where four 
suggested paths for passes through an EHD contact at different maximum pressures and initial 
temperamres are included. Since no temperature data are available throughout the tests, the paths 
are merely estimates, not measured data. 
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Figure 5. Schematic representation of the phase diagram for a lubricant with four suggested pathways, 
corresponding to three different loading histories (with different max pressures), and a pathway 
corresponding to a different initial temperature for otherwise identical loading characteristics (1.4 GPa). 

At a designated start temperature rstart the lubricant is subjected to an increasing transient 
pressure, representative of an EHL contact. The initial gradient of the path is dependent on the 
inlet shear heating (and thus on the pressure and transverse velocity component). 

Due to the applied pressure, the lubricant undergoes a phase transition, and with increasing 
pressure it moves deeper into the region of solidified structure. The temperature can be expected 
to rise at a higher pace as the lubricant vitrifies since the viscosity increases dramatically. Upon 
unloading, the lubricant transforms back to a liquid, but ends with a higher temperature Tm&, 
owing to irreversibility in the process. It is worth pointing out that even though the pathway 
seems shorter in the low-pressurized case, the time duration is in fact longer than for the high-
pressurized case due to the more elastic nature of the impact at high pressure (compare the time 
windows in Figures 2a-c). 

One significant difference between a high- and low-pressurized lubricant is the portion of the 
complete loading cycle for which the lubricant is in the solidified area. At 2.5 GPa, a greater 
segment of the total path is spent in solidification than at 1.4 GPa. Figures 2a-c and Tables 2a-c 
reveal a general trend for the friction coefficient to decrease as pressure increases. The authors of 
references [17] and [18] distinguish between adiabatic and mechanical shear bands that develop 
in the contact region. This smdy supports reference [18]'s proposal that the friction coefficient of 
a contact is a consequence of, and quantitatively related to, the internal friction of the lubricant 
material. Results also indicate that the solid phase (once fractured) is easier to shear than the 
equally pressurized liquid lubricant. Incidentally, it is also consistent with reference [19] where 
core flow in solidified lubricants is investigated numerically and compared to experimental 
result. 

Seeking further support for this hypothesis, a thermal study was undertaken to examine the 
influence of the contact temperature (and consequently the starting point in the phase diagram) 
on friction. 

Since solidification is temperature dependent (as pointed out earlier in this section), the initial 
temperature will affect the speed with which a pressure increase leads to solidification of the 
lubricant. The higher the initial temperature, the higher the pressure required for this phase 
transition to occur. 
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To verify this experimentally, the initial temperature was changed (as described in section 
"Experiments") while the pressure was kept constant. As also shown in Figure 5, and in terms of 
the hypothesis just presented, it was expected that the friction coefficient would increase with 
increasing temperature (since the pressurized fluid phase is the dominant one). The results of the 
friction tests with an initial temperature ranging from 20°C to 80°C support this theory (see 
Tables 2a-c). 

Thermal properties of the oil were also studied in relation to the suggested phase-friction 
relation. As mentioned earlier, the thermal conductivity coefficient Å influences the temperature 
in the contact zone. A high thermal conductivity coefficient lowers the contact temperature, and 
thus favors solidification, hence possibly lowering friction. Appendix A shows a clear tendency 
for the friction coefficient to decrease as the thermal conductivity coefficient increases. 

Another influential thermodynamic property is the product of density and specific heat: pCp. 
The higher the pCp of a lubricant, the more energy it requires to raise its constituent molecules to 
higher vibrational and rotational quantum states (vibration being the main mode of thermal 
energy), and hence the better the energy storage per degree rise in temperature. The effect of this 
is to channel more of the impact energy to the "storage reservoir" in the molecules of the 
lubricants instead of raising the temperature, lowering the transient contact temperature and thus 
reducing friction. This unconventional approach perhaps needs some further justification. Since 
viscosity is a completely general physical phenomenon, and is defined in the same way for 
gasses and liquids, an analogy to kinetic gas theory is proposed. 

It is clear from literature smdies (see reference [20]) that there is a connection between 
viscosity and specific heat. Statistical and mechanical data on polyatomic gases (where the 
rotational and vibrational energy of the molecules is considered in addition to kinetics) have 
yielded the following relation between the thermal conductivity coefficient, viscosity, and 

specific heat: Å = f C„ + — 1 * n, where R is the universal gas constant, and M is the molecular 
I, p 4M) 

weight. This equation also shows that if, for a certain pressure, the thermal conductivity 
coefficient is kept constant, the viscosity (a measure of a fluid's resistance to shear) will decrease 
with increasing specific heat. Please note that the equation above should only be used for 
parameter study reasons since the viscosity-pressure relation is significantly different between 
gasses and the condensates. 

Appendix A shows a tendency for the coefficient of friction to decrease as pCp increases. It is 
necessary to point out that the lubricant parameters included there (Å and pCp) have in many 
cases been extrapolated from data at different temperatures and pressures. Hence the precision of 
the individual points can be argued, but nevertheless the tendency for the friction coefficient to 
decrease with increasing Å and pCp is clear. No correlation was found with any of the other usual 
descriptors such as: viscosity, density, viscosity index (VI), degree of branching, non-polarity 
index etc. which are commonly used in experimental studies of this kind. Al l such are 
determined by the molecular structure of the component(s) of the liquid, but since pCp and A are 
not readily accessible in the literature, they have therefore not previously been used in the 
explanatory models for similar systems. 

Reference [21] states that the relation between limiting shear stress and pressure is linear (see 
Figure 6). Since the slope of the curve represents the y-value (or friction value at high pressures) 
the friction coefficient is assumed to remain constant with increasing pressure. 

D 13 



Paper D 

Pressure [GPa] 

Figure 6. A suggested relation between limiting shear stress and pressure for three different temperatures, 
Reference [21]. 

The present study clearly shows that since the frictional coefficient decreases with increasing 
pressure, the curve should be nonlinear and decaying. Moreover, the dependence of friction on 
initial temperature observed in the present smdy was not observed in reference [21], for the 
gradients of all three curves (each representing one temperature) seem nearly identical. 

Figures 2a-c show that the peak of the friction coefficient moves toward the beginning of the 
loading cycle (leftward) as the maximum pressure increases. A tendency of warped friction 
coefficient curves (ending at a higher value than at the start) can also be noted. Both tendencies 
are explained with the suggested hypothesis. 

The warping originates from the difference in time and temperature in the fluid area between 
the start and end of the curve (see Figure 5). Ideally, the transverse and normal forces would 
exhibit the same curvature (albeit with different amplitude) yielding a symmetric friction 
coefficient curve following the rise and fall in viscosity. However, the case is that at the start of 
the impact event the temperature is low, and hence the viscosity and the friction coefficient are 
both high. The rate of change of the transverse force is therefore large, leading to a rapid initial 
increase in this force. In the solidified zone, the rate of increase in the friction coefficient falls, 
giving the transverse force a smooth shallow curvature following the pressure. At the end, when 
the lubricant reliquefies, the rate of change of the transverse force decreases more rapidly than in 
the solid zone, but is shallower than at the start due to the increased temperature. This imbalance 
gives rise to the warping of the friction coefficient. 

The same line of argument holds when it comes to the leftward movement of the peak friction 
coefficient with increasing pressure. On examining Figure 5, it is obvious that the fluidal zone 
end-passage grows longer at a faster rate with increasing pressure (due to the curvature of the 
phase transition lines) than it did at the start. This change induces the leftward movement of the 
peak friction coefficient toward times earlier in the loading event. 
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Finally, some concluding remarks about the hypothesis regarding solid friction. 
Results from transient friction tests at relevant EHD pressures support the idea that, once 

fractured, a solidified lubricant slides more easily than a highly pressurized fluidized lubricant. 
In certain areas, between load carrying asperities, the solid surfaces can lose contact so that no 
transverse force is carried there. It is theoretically possible that these surfaces will reliquefy, due 
to the sudden decrease in pressure, filling the gap. The surfaces will again be in contact, 
transmitting load, which will give rise to non-stationary shear bands in the solid. Crack 
propagation may even allow solid elements to break loose and support sliding motion through 
rolling in the sliding interface. 

It is clear that a detailed numerical study is called for i f we are to fully understand transient 
thermal effects on lubricants. 
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Appendix A 

Table la . Frictional data and thermal properties of 9 different lubricants at 20 °C. Thermal properties were 

obtained from Statoil Lubricants Sweden, Santovac Fluids Inc., and reference [9]. Some data are 

extrapolated.  

Oil 

1.4 Gpa 2.0 GPa 2.5 Gpa 

Oil Friction 
coefficient 

Å 
fW/m°K] fj /nr ' °K1 

Friction 
coefficient 

X 
rW/m°K1 

pc, 
p/m 3 " K J j 

Friction 
coefficient 

X 
[W/m°Kl 

PCV 

f j / m 3 °K1 

A 0.069 0,321 2.409 0.056 0.350 2.498 0.04.3 0,360 2.564 
B 0.046 0.386 2.668 0.042 0.421 2.765 0.036 0,433 2.839 
C 0.046 0.423 2.639 0.031 0.461 2.736 0.025 0.474 2.808 
D 0.100 0.240 1.600 0.069 0.270 1.680 0.050 0.280 1.700 
E 0.051 0.386 2.71 1 0.029 0.421 2.810 0.022 0.433 2.885 
F 0.308 2.352 0.046 0.336 2.438 0.031 0.345 2.503 
H 0.060 0.321 2.381 0.037 0.350 2.468 0.029 0.360 2.534 
1 0.337 2.409 0.040 0.367 2.498 0.030 0.378 2.564 
J - 0.402 2.539 0.024 0.438 2.632 0.025 0.451 2.702 

lb. Same as above, but at 40 °C. Some data are extrapolated. 

Oil 

1.4 Gpa 2.0 GPa 2.5 GPa 

Oil Friction 
coefficient 

X 
fW/m°Kl \hm °K1 

Friction 
coefficient 

Å 
fW/m°Kl 

pc? 

P/m k i 

Friction 
coefficient 

X 
fW/m°K] 

PC, 
f j / t n 3 °K1 

A 0.058 0.321 2.409 0.059 0.350 2.498 0.051 0.360 2.564 
B 0.386 2.668 0.042 0.421 2.765 0.036 0.433 2.839 
C 0.035 0.423 2.639 0.033 0.461 2.736 0.028 0.474 2.808 
D 0.255 1.775 0.081 0.285 1.865 0.067 0.305 1.925 
£ 0.068 0.386 2.711 0.041 0.421 2.810 0.031 0.433 2.885 
F ii 065 0,308 2.352 0.040 0.336 2.438 0.032 0.345 2.503 
H - 0.321 2.38J 0.050 0.350 2.468 0.042 0.360 2.534 
1 0.058 0.337 2.409 0.035 0.367 2.498 0.030 0.378 2.564 

1 0.056 0.402 2.539 0.041 0.438 2.632 0.029 0.45) 2.702 

Table lc. Same as above, but at 80 °C. Some data are extrapolated 

1.4 Gpa 2.0 GPa 2.5 GPa 

Oil Friction X pC, Friction X pc, Friction X pcr 

coefficient fW,m c Kl rj/m 3 c ,K.l coefficient fW/ i r rK l coefficient tW/m°K] P/m3 C K] 

A 0.321 2.409 0.052 0,350 2.498 0.052 0.360 2.564 
B - 0.386 2.668 0.028 0.421 2.765 0.03h 0.433 2.839 
C 0.423 2.6.39 0.027 0.461 2.736 0.031 0.474 2.808 
D 0.270 1.950 0.098 0.300 2.050 0.087 0.330 2.150 
E 0.060 0.386 2.711 0.051 0.421 2.810 0.042 0.433 2.885 
F 0.073 0.308 2.352 0.067 0,336 2.438 0.054 0.345 2.503 
H 0.059 0.321 2.381 0.061 0.350 2.468 0.059 0.360 2.534 
1 0.066 0.337 2.409 0.056 0,367 2.498 0.048 0.378 2.564 
J 0.059 0.402 2.539 0.053 0.438 2.632 0.046 0.451 2.702 
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Figure la. Friction coefficient vs. thermal 

conductivity coefficient for 9 different 

lubricants at 20 f at 2,0 GPa maximum 

pressure. 

RhoCp (J/m3 tCj 

Figure lb. Friction coefficient vs. product of 

density and specific heat for 9 different 

lubricants at 80°C for 2,5 GPa maximum 

pressure. 
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A numerical study of temperature and shear flow in a transiently 
loaded lubricant film 

B.-O. Åhrström1  

R. Larsson1 

Abstract 

A numerical smdy was undertaken to provide an understanding of the influence of thermal 
conditions on friction build-up for a paraffmic mineral oil (PAM). Matlab 6.5 was used to 
perform computations for two lubricated infinite and rigid plates in relative motion , subjected 
to a transient load pulse. Two different rheological models, one nonlinear viscous and one 
nonlinear viscoelastic (Ree-Eyring), were used. 

From the friction coefficients calculated it is concluded that viscosity effects do not account for 
the phenomenon of decreasing friction coefficient with increasing maximum pressure of the 
loading pulse. It appears that an explanation for this phenomenon must be sought in the friction 
properties of the interface of the ruptured solidified lubricant. It is also concluded that the 
thermal properties of the lubricated medium present in the contact affect friction and the 
formation of shear bands. 

Keywords: EHD, TEHL, transient, viscoelastic, nonlinear, rheology, lubricant, friction, 
thermodynamic, heat, equation. 

1 Department of Applied Physics and Mechanical Engineering, Division of Machine Elements, 
Luleå University ofTechnology, SE-971 87 Luleå, Sweden. 
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Introduction 

Elastohydrodynamic lubrication (EHL) is the lubrication of contacts between non-conformal 
surfaces, i.e. surfaces that do not fit each other well. EHL is found in most common machine 
elements such as rolling element bearings, gears and cam mechanisms. It is characterised by 
concentrated forces, high contact pressures (1-3 GPa), thin lubricant films (1-1000 nm), short 
durations and elastically deformed surfaces. Understanding EHL enables prediction of contact 
pressures and surface stresses and thus also allows prediction of the thickness of the lubricant 
films formed. An understanding of these films, in tum, makes it possible to predict the risk for 
fatigue and failure due to adhesive wear, which inevitably results in unwelcome disruptions due 
to machine breakdown and costly repairs. Viscosity and the viscosity-pressure-temperature 
relationship greatly influence fi lm formation in EHL contacts. However, it is very difficult to 
measure the viscosity of lubricants under EHL conditions (i.e. under high pressure and high 
shear strain), and it is thus also difficult to find accurate rheological models for use in EHL 
analyses. 

In many lubricants, the viscosity decreases as the shear strain rate increases due to thinning 
effects caused by the orientation of the molecules in the direction of shear. The shear strain rate 
in EHL varies from low under rolling conditions to 105-107 s"1 during sliding motion with thin 
lubricant films. The transition from Newtonian to non-Newtonian behaviour depends on the type 
of molecules but is also greatly influenced by pressure. The transition will occur at lower and 
lower shear strain rates as pressure increases. I f the shearing is continuous, the yield stress of the 
solid film wil l be reached and a stress limit occurs. This phenomenon is known as limiting shear 
stress. The failure mechanisms causing the stress limit are still not fully understood. Bair and 
Winer [1] have explored the non-Newtonian response of many types of lubricants and Bair has 
recently presented a review paper [2] in which some of the failure mechanisms are explained. 
The failure may take place at the interface between the lubricant and the surface or inside the 
lubricant film. Experiments [3] have indicated that banded flow may occur, in which the 
shearing takes place in very narrow slip bands. It is possible that thermal instability explains the 
development of such a slip plane in a pure Couette flow. The thermal conductivity of lubricants 
is low, and shearing a thin film under pure Couette flow causes a temperature difference between 
the mid-section and the boundaries of the film. The lubricant at the solid-fluid interface will be 
cooled more rapidly due to heat conduction to the adjacent surfaces whilst the local shear rate 
will increase in order to keep the shear stress constant across the film. This process may continue 
until all shearing takes place in a highly localised slip band in the mid-section of the film. 

Many different fluid rheological models (i.e. models of stress-shear rate relationships) have 
been presented over the years. The Ree-Eyring [4] model has been widely used in EHL 
numerical analyses because it is relatively simple to implement with existing codes. But this 
model has no stress limit, and unrealistically high shear stresses may be calculated. The Ree-
Eyring model can, however, be supplemented with a stress limit, but numerical computation 
becomes much more complex in such a case. Bair [2] suggests the use of the Carreau-Yasuda 
[5]. model instead. That model fits experimental rheometer data very well, even at elevated 
pressures, but also lacks a stress limit. A few other more artificial models have been used in 
theoretical investigations, for example, the viscoplastic model that implies Newtonian behaviour 
until the stress limit is reached [6] and the circular model [7]. 

As computers and computer programs have become more powerful, the demand for more 
powerful and precise calculation tools has also grown. Simulations of large systems need to treat 
a lubricant as the machine element it is i f the simulation is to yield reliable results. There is thus 
a need for a deeper understanding of the fundamental thermal and mechanical processes involved 
in transient friction. 
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Transient rheology measurements are considered relevant since EHL is, after all, transient. 
Jacobson [8], Workel et al. [9], Feng and Ramesh [10] and Åhrström et al. [11] are authors who 
have embraced this fact and undertaken studies in the field of transient lubrication. Sundin and 
Åhrström [12] designed a test-rig specifically for the investigation of transient 
elastohydrodynamic (EHD) friction in lubricants. In 2002, following refinements to the theory 
and hardware, Åhrström [13] presented an improved apparatus with the ability to vary thermal 
conditions. The increased reproducibility and accuracy of tests done with this equipment 
confirmed a previously observed but as yet unexplained tendency for friction to decrease as 
maximum contact pressure increased (Åhrström et al. [14]). 

Feng et al. [15] simulated shearing of a thin lubricant layer in a high-rate torsional Kolsky bar 
used in experimental studies [16]. The authors observed highly inhomogeneous and localised 
flows within the rheometer as a result of transient effects dependent on the thermophysical 
properties of the lubricant, the film thickness and the rise time of the shear pulse. Tichy [17] used 
a convected Maxwell model to study a one-dimensional contact, but this model is valid only for 
low Deborah numbers (an important consideration when pressures are in the EHD region). 
Johnson and Greenwood [18] performed a thermal study of EHD traction in an Eyring fluid. 
They used Crooks's assumption that the coefficient of thermal conduction is constant, a position 
that is debatable as this coefficient varies significantly with pressure and also strongly affects the 
temperature profile in the contact. The latter point was taken up by Larsson and Andersson [19], 
who determined thermal conductivity's and heat capacity per unit volume's dependence of 
pressure in static experiments. 

None of the authors cited related their results to transient friction in lubricants undergoing 
phase transition or attempted to describe friction phenomena at different molecular 
configurations for the fluids. 

In a recent paper, Åhrström et al. [14] observed a contradiction in frictional behaviour in 
transient EHL and assumed that the origins of this phenomenon were of thermal, and possible 
also of phase transition, nature. The authors reported that the friction coefficient undergoes a 
change during the impact process. Real-time studies of friction build-up revealed that the friction 
coefficient increases with contact pressure during each impact, but when different impacts are 
compared, the friction coefficient decreases with higher peak pressure. The contradiction lies in 
the traditional increase in the friction coefficient with increasing pressure due to increasing 
viscosity as compared to the decrease with increasing maximum pressure between tests. To 
investigate the origins of this phenomenon, a thermal study was undertaken to test parameters 
influencing contact temperature. Al l the experimental results pointed towards the fact that a 
lower contact temperature results in lower friction. The finding is probably explicable in terms of 
the friction properties of the ruptured solidified lubricant. At lower temperatures the mobility of 
the constituent lubricant molecules is lower, favouring solidification of the fluid bulk. This fact, 
in combination with the measured friction data, indicates that once the film has ruptured there 
will be lower friction resistance in a solidified lubricant structure than in a liquefied one under 
the same ambient conditions. A l l the experimental results and observed tendencies can be 
explained in light of that assumption. However, the authors acknowledged that a numerical study 
was needed in order to better understand thermal conditions in the lubricant film during loading 
and unloading and thus justify their hypothesis. 

Since there are no accurate theories for friction in breached solidified lubricants, another 
approach must be considered. One possible alternative explanation for the phenomenon is that 
the Åhrström friction contradiction is viscosity-related. If so, a simulation with an accepted 
nonlinear viscoelastic model should demonstrate the same behaviour detected in experiments. 
However, i f the simulation does not support the tendencies observed in the measured results, the 
solution to the observed friction contradiction must be concealed in the friction properties of the 
solidified lubricant. 
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This paper attempts to shed light on the temperature distribution in the oil f i lm and surrounding 
material as well as on the shear rate distribution during a transient EHL event for two rigid, 
semi-infinite plates in relative motion. With a highly time-resolved numerical result, it is 
possible to utilise a phase map to plot the pressure-temperature path during a complete loading 
cycle for a transient compression. The values of the friction coefficients obtained wil l indicate 
whether the friction in a solidified lubricant is indeed lower than that in a fluid at the same 
pressure. 

Theoretical background 

The present paper presents a numerical smdy of the shear stress and temperature profile in a fluid 
f i lm between two infinite plates in relative motion. The basis is a simplified model of a body 
impacting another from an oblique angle, encompassing both transient loading and a horizontal 
velocity component in order to reproduce the conditions in the Ball and Bar apparams [14], The 
lower plate is stationary and the upper plate moves in the positive x\ direction with the speed vi 
(see Figure 1). 

The temperatures at the outmost boundaries are held constant and thermal continuity is applied 
to the intersection between fluid and solid to ensure that the heat flux in the intersection 
(generated in the fluid by compression and shear heating) is transmitted to the surrounding 
surfaces. A half-sine transient load pulse, with smoothed gradients in the start and stop regions 
and maximum amplitude ph, is applied at time t0. Two different rheological models were used in 
the calculations, one nonlinear viscous and the other nonlinear viscoelastic (Ree-Eyring). 
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Figure 1. Schematic representation of the non-dimensional quantities included in the numerical model. 

In the general thermal energy equation as set out in Kundu [20]: 

„ dT) dv, dp dp 
Å \ + ar—'- + £ 71 — + v , — 

dxj J d X j " [dt 'dx, 
(1) 

Cp denotes specific heat at constant pressure, p denotes density, T stands for temperature, v, 
indicates the velocity components. Furthermore, Å denotes the coefficient of thermal conduction, 
Olj is the deviatoric stress tensor, ep is the volume expansivity, p indicates pressure, while 

— and represent differentiation with respect to time and spatial coordinates respectively. 
dt dx, 
Certain assumptions are justified when applying this equation to a lubricated conjunction with 
surfaces in relative motion separated only by a thin lubricant film: 

• The velocity component across the film (xj-direction) is negligible. Hence v3 = —— = 0. 

dx-

• The velocity in the xi-direction is small due to the length of the plates /,,/ 2 

dv, 
Hence v2 = -—L = 0 . 

dx, 
• Building on the previous statement, since all characteristic lengths extending in the x\-

and .^-direction are significantly larger than those in the X3 direction, derivatives of X3 
will exert the greatest influence. 

• One exception to the declaration above is the general assumption that the pressure will 
not vary across the film (xj-direction), or —— = 0 . 

dx} 
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Since the plates are infinite and rigid, the pressure build-up from the load is uniform in 
the x r and x^-directions. Since no boundary effects will arise, the pressure gradients in the 

lower sub-space will be zero —— = = 0 
ox, dx2 

Since the film thickness is smaller than all other characteristic lengths it can be assumed 
that all heat transfer is concentrated in the xrdirection, and that the driving force from the 
surrounding steel surfaces will be dominant. Hence 

dx, I dx. j ox, 1 dx, ox, I dx. 

Applying these assumptions to equation (1) yields a simplified thermal energy equation (suitable 
for EHL purposes): 

at I dx,)
 1 3 ax, p {dt) 

(2) 

Two different rheological models have been utilised. The first is a nonlinear viscous model 
(Eyring) [4]): 

i n 
3x3 

^• s rnh ^ (3a) 

The other is a nonlinear viscoelastic model (Ree-Eyring) [21]: 

•sinhf 
dv, = _a K V ^ g . , f er, ^ 

dx, dt{G 

dv, 

ß 
(3b) 

= Y,3 denotes the velocity gradient (rate of deformation or shear strain rate) and p is the 

dynamic viscosity. tr 0 denotes the Eyring stress and G is the bulk modulus. 

In order to solve the nonlinear differential equation (2), certain boundary conditions have to be 
formulated. One such boundary condition is the equation for global equilibrium: 

dp _ 9<r, 

dxi dx. 

Applying the previously discussed thin film assumptions reduces the equilibrium equation to: 

d<?u 

dx. 
= 0, (4) 

implying that the shear stress is constant throughout the film. Thermal boundary conditions are 
determined by heat flux and temperature. The heat flux in the intersection between solid and 
fluid is assumed to be perfectly transmittable, without diffusion, in both directions (from the 
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fluid to the solid and vice versa). Hence conductive equilibrium prevails in the fluid to solid 
transition: 

dT 

dx. 0X3 
(5) 

This statement, where subscript F indicates fluid properties and 5 indicates solid properties, in 
combination with the assumption that the temperature of the fluid equals that of the solid in the 
intersection: 

T =T ' f i.s (6) 

takes care of the thermal energy processes inside the contact. The final boundary condition 
employed is that the temperature at the outermost boundaries is held constant: 

S|.vj=0,.v 3=3 
(7) 

Method 

The thickness of the plates is determined using the one-dimensional heat equation. The criterion 
to be met is a maximum temperamre increase of 1% at the non-heated boundary in order to 
ensure that the error in temperamre profile and heat transport is negligible. The non-uniform grid 
distribution in the solids follows a third-degree polynomial, which accounts for the high 
resolution in the area closest to the solid-fluid interface (where gradients are large). The grid in 
the fluid is uniform, but the pressure pulse is carefully smoothed to ensure continuously varying 
gradients and the number of nodes is determined so as to yield a grid-independent solution. 

Equations (2) to (7) are encoded into Matlab 6.5 in non-dimensional form and are solved 
numerically and iteratively using a central difference method. The maximum residual error of 
temperamre and shear stress is never set to a larger value than 10"7 to ensure accurate results. 
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Results and discussion 

With a grid density of 150 grid nodes in the solids, 600 nodes in the fluid and 512 time steps, the 
dimensionless temperamre distribution (777b) for a paraffinic mineral oil, PAM (with the thermal 
and physical properties shown in Table 1) subjected to a pressure pulse with a peak at 2.0 GPa 
and duration of 200 L I S is depicted in Figure 2. 

Table 1. Properties of the tested paraffinic mineral oil at 20°C and at atmospheric pressure. 7] denotes 
dynamic viscosity, a denotes pressure-viscosity coefficient, ß indicates the temperature-viscosity coefficient 
and A is the heat conduction coefficient. C p and p denote specific heat at constant pressure and density 
respectively, while G denotes tangent bulk modulus. Lubricant properties were obtained from Statoil 
Lubricants Sweden. 

Lubricant V a ß A Cp P G 
[Pas] [Pa1] [°K ' ] [W/m 2 ] [J/kgK] [kg/m 3] [Pa] 

PAM 0.15 2.6-10~8 0.03 0.13 1934 884 1.3109 

All transient lubricant compressions were studied with both the nonlinear viscous model and the 
nonlinear viscoelastic model. It was found that under the prevailing high pressures, the 
differences in rheological model were negligible in this context. Consequently the nonlinear 
viscoelastic model, equation (3b), is used throughout in the calculations. 

0 100 200 300 400 500 
Dimensionless time 

Figure 2. Dimensionless temperature distribution for a PAM at 20°C subjected to a velocity gradient f o i 105  

s 1 and a transient pulse with a maximum Hertzian pressure of 2.0 GPa with duration 200 us. 
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Figure 2 clearly indicates that the heating is most significant in the centre of the film where the 
temperamre increase reaches at most 1.11 dimensionless units, which is equivalent to a physical 
increase of 32°C above the ambient temperature. The lubricant is then cooled rapidly as it is 
decompressed. It is also clear that the loading duration is transient since virtually no heat is 
transferred to the flanking material. 

Even though heat transfer to the surrounding solid is allowed, the lubricant will not manage to 
convey the induced heat during the short duration of the event due to its low coefficient of 
thermal conduction and film thickness of 1 urn. The temperamre profile in Figure 2 further 
indicates that the arguments for an adiabatic shear plane in the centre of the film, are good since 
the elevated temperature will lower viscosity. 

The dimensionless velocity gradient in the fluid as a function of time was also calculated and is 
represented in Figure 3. 

0 100 200 300 400 500 

Dimensionless time 

Figure 3. Dimensionless velocity gradient for a PAM subjected to a velocity gradient yof 10 s s 1 and a 

transient pulse of maximum Hertzian pressure of 2.0 GPa with duration 200 |xs. 

It can be seen in Figure 3 that in the beginning (when the plates are translating with a relative 
speed with respect to each other and no load is applied) the velocity gradient is uniformly equal 
to one. This indicates that the velocity profile is linear, of the Couette type with a constant 
velocity gradient. As soon as the pressure- and shear-driven temperature increases, the gradient 
becomes more accentuated in the centre of the fluid zone. Due to the inertia in the heat 
conduction, the energy will not be transported away from the centre at the same rate as it is 
generated. Hence the temperamre will increase in the centre (as can be seen in Figure 2). As fluid 
viscosity decreases with increasing temperature, a slip plane is formed in the high temperature 
region, which explains the peak in the velocity gradient. As the pressure drops, so does the 
temperature, and the velocity gradient decreases again. 

This phenomenon has been studied by researchers such as Bair et al. [22], who used a high-
pressure flow visualisation cell to picture the development of shear bands (vastly different from 
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mechanically induced ones). They also performed a thermal analysis yielding singularities in 
velocity profiles, highly regionalised to the centre of the film, at certain boundary conditions. 

It is worth noting that for certain global conditions, the probability of the fonnation of a slip 
band in the solid-fluid interface, instead of at the fluid centre, increases towards the end of the 
impact event. Increased heat conduction in the lubricant, longer impact durations, higher shear 
rates and thicker lubricant films seem to propel this tendency. In such cases, a noticeable heat 
exchange arises between the fluid and the solid within the time window of the loading. Heat 
energy originating from volumetric compression and induced shear is to some extent conducted 
to the surrounding surfaces, which consequently are heated. The lubricant temperature drops 
dramatically during the latter half of the impact event when the pressure is decreasing, yet the 
adjacent solid remains warm. Heat flow is now reversed, and flows from the solid to the fluid 
boundary, reducing viscosity and hence favouring in-stationary flow at the solid-fluid interface 
(see Figure 4). This is probably an important occurrence in real contacts, however on a micro 
scale, where rough surfaces occasionally operating in the boundary lubricating regime are heated 
by asperities in contact. 

Figure 4. Example of a dimensionless velocity gradient profile for a transient compression at high shear rate 
and thick film, favouring heat exchange between the solid boundaries and the fluid. 

The example of a dimensionless velocity gradient profile in Figure 4 indicates that for certain 
global conditions the slip plane shifts from the centre of the contact to the boundary towards the 
end of the impact event. In other words, the slip plane starts in the centre of the film and moves 
towards the stationary solid when approaching the outlet (decompression) zone. This observation 
agrees well with photographs of slip planes from Bair et al. [3], and is also consistent with 
theories of mechanical shear bands, Bair et al. [23]. Hence, this finding connects both prevailing 
theories of slip planes occurring in the centre or in a boundary layer close to the solid interface. 

Calculating the quotient between shear stress and pressure yields the friction coefficients for 
the test lubricant at different test conditions (see Figure 5). It can be seen that the friction 
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coefficient increases slightly with increasing pressure and also that the duration of the event 
increases. The influence of the initial temperature on the friction coefficient appears to be 
negligible. These findings appear to contradict those of Åhrström et al. [14]. The explanation is 
however straightforward. 

As regards the duration of the impact event in this study, it is important to recognise that the 
different pressure pulses (corresponding to the different loading scenarios) all share the same 
shape but are scaled for amplitude. Hence, a higher maximum pressure will have a steeper 
pressure gradient at the beginning and end of the loading event, favouring a rapid increase in 
lubricant viscosity. In the figure, this increase takes the form of a steeper gradient of the friction 
coefficient for high pressures in the early and late stages of the impact. 

Figure 5. Friction coefficient for a PAM during transient loading for three different maximum pressures, 1.4, 

2.0 and 2.5 GPa at ambient temperature and a velocity gradient /of 105 s"'. 

Åhrström et al.'s finding [14] that the duration of the impact decreases with increasing pressure 
is geometrically related to the elastic, though nonlinear, contact mechanics properties of the 
system where a sphere is impacting a plane. This effect leads to a narrowing of the pressure 
pulse as amplimde increases, and not merely to a scaling. Furthermore, a decreasing coefficient 
of friction with increasing maximum pressure (and lower initial temperamre) was discovered. 

Since the nonlinear viscoelastic model used in the current simulation does not adequately 
describe the conditions in the solidified phase, it erroneously states that an increasing pressure 
leads to increasing viscosity and, consequently, a higher friction coefficient. Thermal effects 
from severe compression may lower the rate of viscosity increase. However, the fact that 
Åhrström et al. [14] measured a falling friction coefficient with increasing pressure (and 
decreasing initial temperamre) suggests that the explanation lies in thermal effects that are not 
accounted for, rather than in fluid mechanics. Thermal calculations confirm that the properties 
that lower friction are of thermal origin and that these properties control the friction behaviour of 
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a cleaved solidified lubricant. These properties cannot be successfully simulated using available 
rheological models. 

Comparison of the calculated friction coefficients with measured friction coefficient data at the 
same ambient conditions from Åhrström et al. [14] (0.069 for a PAM) shows that the calculated 
result is a somewhat of an overestimate. This overestimation can be explained by the proposed 
hypothesis [14] that real-life friction in a solidified lubricant (once sheared) is lower that that in a 
fluid lubricant under the same ambient conditions as regards pressure, temperature and shear 
rate. 

Certain pressure- and temperature-dependent parameters need to be treated carefully. Viscosity 
is of great importance since it changes by several orders of magnitude during an EHL event, but 
so is the thermal conductivity coefficient, given that the influence of thermal effects on friction 
has been demonstrated by Åhrström et al. [14]). By failing to acknowledge the pressure 
dependence of the latter, estimates of the maximum temperature in the centre of the contact can 
overshoot by some 25%. 

Finally, a comment on the amorphous, elastoplastic friction hypothesis suggested by Åhrström 
et al. [14]. Plotting the temperature in the centre of the film as a function of pressure for the 
PAM at different maximum Hertzian pressures and initial temperatures yields the following 
graph: 

Figure 6. Temperature—pressure relations, from simulations of existing conditions in the Ball and Bar 
apparatus, for a PAM at 1.4, 2.0 and 2.5 GPa maximum pressure at three different initial temperatures (20, 
40 and 80 C). Dashed lines indicate estimated areas of different lubricant states, extracted from Larsson and 
Andersson [19]. 

The previously noted dependence of the gradient of the friction coefficient (in the early and late 
stages of the transient event) on load pulse geometry also applies here. A higher pressure with a 
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steeper pressure gradient heats the fluid more rapidly than a lower pressure with a shallower 
pressure gradient, as is clearly shown in Figure 6. 

The same figure also indicates that the temperamre rise at the maximum of all different 
pressures is much the same regardless of the initial temperamre, a little bit higher at lower 
temperatures though. This is indicating that at low velocity gradients y<10 5 s_1 the thermal 

energy originating from the compression term (last term on the right-hand side) in equation (2) is 
dominant and viscous effects are negligible. Since the viscosity at 20°C is significantly higher 
than at 80°C virtually no effects of shear-induced viscous heating are observed. 

It is worth pointing out that compressive heating is the dominant form in all the cases 
presented. In many EHL contacts, however, shear heating wil l dominate, causing the slip plane 
to remain at the centre of the lubricant film at all times. 

Conclusions and suggestions for future work 

The following conclusions can be drawn from this study of the temperature and shear rate in a 
transiently loaded lubricated conjunction: 

A Ree-Eyring rheological model together with pressure- and temperamre dependent viscosity 
and heat conduction can be used to qualitatively simulate experiments in transient rheology. It 
was found that under the prevailing high pressures and low shear rates, the differences in 
rheological model (nonlinear elastic vs. nonlinear viscoelastic) were negligible in this context. 

A localised temperature increase occurs in the mid-plane of the lubricant film. This temperature 
increase causes a decrease in viscosity and an increase in velocity gradient. A slip plane is 
therefore formed, which wil l become more pronounced as the pressure pulse peak rises until 
eventually all motion is localised to that region. 

The thermal study reveals that the observed contradiction in friction, Åhrström et al. [14], is not 
viscosity related. The simulation clearly indicates that the friction coefficient increases with 
increasing pressure for the rheological model used, in total contradiction to the measured data on 
a real EHL contact. It is therefore concluded that the properties of the localised shear bands 
occurring in the solidified lubricant are the origin of the detected anomaly and refined 
rheological models are necessary to clarify the matter. 
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