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Abstract 

This licentiate thesis deals with the influence of transient loading, at high pressures, 
on the pressure-dilatation relation and frictional properties of lubricants. A Split-
Hopkinson pressure bar and a Ball and Bar apparatus have been used for the 
experiments. Both methods share the same type of evaluation approach: evaluation by 
analysis of wave propagation in structures. The advantage with this method is that 
results are presented as function of time, i.e. every experiment yields a history of the 
studied event, not just a single value. Different theoretical evaluation methods have 
been used and refinements have been made by introducing compensation terms in 
order to enhance accuracy. 
Several lubricants have been studied and an empirical second-degree polynomial has 

been suggested, for a naphthenic mineral oil and a synthetic 5P4E oil, describing the 
pressure-dilatation relation over a wide pressure range. It is found that for example 
5P4E exhibits lower compressibility, i.e. higher stiffness than the naphthenic oil. 
Curves representing friction coefficient as function of time for different lubricants at 

different pressures are included. It is evident that the Naphthenic- and Paraffinic 
mineral oils have the highest friction coefficient followed by Polyglycol, 
Polyalphaolefin and Rape seed oil. The observed distinctions agree well with the 
expected outcome on basis of molecular structure and pressure variation and 
correlates well with other density and friction investigations. A general trend of 
decreasing friction coefficient with increasing pressure is discovered. 

Keywords: Transient, Impact, Fourier,  FFI,  Friction, Density, Dilatation, Pressure, 
Tribology, EHD, EHL, Lubricant, Oil, Ball, Bar, Wave, Beam. 



Introduction 

It is easy to find surfaces in contact around us. Car tires on the road, joints in the 
human body, the ball on its race in a bearing and many other examples can be 
mentioned. This thesis deals with the subject tribology, the science and technology of 
interacting surfaces in relative motion and of practices related thereto. 
Surfaces in conjunction often transmit high loads during relative motion, making 

them vulnerable to surface damage. We call this process wear, leading inevitably to 
costly machine breakdowns and interrupts for repair. A common way of reducing 
wear is to lubricate the conjunction. 
A lubricant is a material used primarily to separate surfaces in relative motion, but it 

can serve as cooling agent, additive carrier, corrosion protector, sealer, damper and 
contaminant conveyor as well. Many lubricated surfaces operate with very thin fluid 
films, and the trend points towards even thinner films. Greater manufacturer accuracy, 
higher purity of materials, improved lubricants as well as more severe operating 
demands propel this tendency. 
There is a natural resistance to sliding motion between surfaces caused by the 

roughness of the surfaces and adhesive forces. We call it friction, and it is a 
tribologically associated problem. Since it is normally easier to shear a fluid than a 
solid, the sliding motion resistance, or friction, decreases if a fluid is applied between 
the moving surfaces. Thus by applying a lubricant in the conjunction, the friction 
decreases, which is also favourable in purpose of optimising efficiency. 

As computers and computer codes become more sophisticated, simulations of more 
complex physical and mechanical processes are being conducted. A reliable result 
demands 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 calculations less confident. In many contact 
applications elasto-hydro-dynamic lubrication (El-IL) is at hand, which is 
characterised by moving and elastically deformed surfaces, high contact pressures, 
lubricant compression and high shear rates. Investigations of transient EHL involve 
experiments in which frictional properties evaluated from simultaneous normal and 
transverse forces are studied under impact conditions. In order to develop better 
lubricants and machine elements it is important to understand how the lubricant and 
the surfaces interact. Unfortunately pressures up to 4 GPa deform the contacting 
surfaces and transform the lubricant into an amorphous solid like state. The 
combination of EHL conditions and a loading duration of merely 200-400 gs, makes 
accurate measuring difficult. 
Several attempts have been made earlier to study transient EHL with focus on 

friction. Ramesh and Clifton (1987) used inclined plate impact and Bair and Winer 
(1990) used high-pressure viscosimetry to investigate friction under slowly varying 
shear rates. None of these have succeeded in reproducing loading times and other 
conditions representative for practical EHL situations.  Jacobsson  (1985) and  Höglund  
(1989) have used steel balls impinging a flat lubricated surface, but the methods are 
not capable of recording the time histories of the forces during the impact. 
This investigation present time histories of the acting forces and moment in a 
lubricated conjunction at relevant elastohydrodynamic (EHD) pressures and transient 
loading. Hence frictional properties of lubricants can be studied as function of time or 
pressure during an impact. 
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Concerning pressure-dilatation relation measurements, earlier investigations have 
been performed by e.g.  Hamrock  et. al (1987), who made static measurements in the 
pressure region 0.4 to 2.2 GPa. Static measurements include neither the transient 
loading nor the temperature rise that is associated with it, making the method less 
suitable for EHL purposes. Feng and Ramesh (1993) performed plate impact 
experiments, but the time scale was much shorter (1 gs) than for practical EHL cases. 
Furthermore the instrumentation and theory allowed no histories to be recorded, hence 
a lot of experiments were needed to cover a wide pressure range. 
The present contribution allows continuous pressure-dilatation measurements to be 
recorded at pressures and time scales relevant for a real EHL contact. 
This thesis introduces a new evaluation method for friction and density studies, and 

provides quantitative information regarding lubricant properties that will enable more 
accurate computer simulations of EHL contacts during transient conditions. 

Physical and mechanical behaviour of lubricants are necessary to comprehend and 
model in order to calculate film thickness, pressure distribution and friction in an 
elastohydrodynamically lubricated conjunction. The dilatation-pressure relationship is 
one important property. In paper A, a modified Split-Hopkinson pressure bar set-up 
up,  Färm  and  Sundin  (1994), is used for such investigations. It enables tests at 
relevant conditions i.e. loading duration in the range of 100-300 gs and pressures of 
almost 2 GPa. 

Figure 1. Experimental set-up for the SHPB 

The experimental apparatus consists of two instrumented pistons fitted into a 
cylindrical container for liquid specimen confinement and loading, see figure 1. The 
container is 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 pistons are carefully 
ground and individually fitted to the cylindrical hole to minimise the leakage and yet 
avoid metal-metal friction. A projectile is sent to impact the free end of the main rod 
generating an elastic wave that propagates through the lubricant sample and 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 
utilised to calculate pressure, dilatation and dilatation rate at the contact between the 
confined lubricant volume and the pistons. 
Two lubricants, a naphthenic mineral oil and a synthetic oil, 5P4E, are tested under 

adiabatic conditions and at pressures up to 1.5 and 1.9 GPa respectively. The 
following empirical relation is suggested for the adiabatic pressure-dilatation relation 
for the oils. 
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The two adiabatic material constants ci and c2  are determined in the experiment. Two 
isothermal constants /1  and 12 can be calculated using the coupled heat equation, as c1  
and c2  are known, creating a similar expression for isothermal calculations: 

p=1, 	+12 	 
V, Jo  

A comparison between adiabatically measured- and isothermally recalculated results 
is displayed in figure 2, for the naphthenic and the synthetic oil. 

(2)  
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Figure 2. Comparison of the measured adiabatic and calculated isothermal dilatation-pressure 
relation (the loading phase) for the two oils. 
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In figure 3, results for the present investigation is compared to models suggested by 
Dowson & Higginson (1966) and Feng & Ramesh (1993). The models have been 
extrapolated to enable comparison at relevant EHD pressures. 
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Figure 3. Comparison of measurements by Feng and Ramesh, Dowson and Higginson and the 
present investigation on the synthetic oil 5P4E. Solid lines indicate measured values and dotted 
lines extrapolated. 

It is concluded 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 or gears. A mathematical model in the form of a polynomial of 
second degree has been adapted by curve fitting. An isothermal study of the data has 
also been performed. Only a small difference between adiabatically measured- and 
isothermally calculated data is observed indicating that effects from adiabatically 
induced temperature rise is small. 
Previous publications by  Höglund  (1989) and  Jacobsson  (1985), have shown that a 

jumping ball describes transient lubrication in a representative time scale at relevant 
pressures for practical Mt, situations, but the method is not capable of recording the 
acting forces as function of time. Hence, the outcome is an average of the friction 
coefficient during the impact event. 
The second paper (paper  B)  is a preliminary study of the potential of a new 

evaluation method, for classical elastohydrodynamic lubrication (the Jumping Ball) 
utilising wave propagation theory. The presented method is based on analysis of 
propagating waves in a beam, due to an oblique impact on its end surface, using fast 
fourier transform  (FFI)  analysis. Both non-dispersive compression waves and 
dispersive flexural waves are generated. By utilisation of FFT of two lateral 
acceleration histories and dynamic beam theory, Doyle (1997), the acting forces in the 
lubricated conjunction can be determined as function of time. The relation between 
normal- and tangential force histories displays the frictional properties at the impact 
as function of time, i.e. variations in frictional properties during loading and 
unloading (typically 200-4001.ts in ball bearings and gears) can be observed. 



The set-up consists of a 5 m instrumented cylindrical steel rod hanging vertically 
with its lower end free. The free end is lubricated with the designated specimen, and a 
50 mm steel ball from a roller bearing is sent to impact the end plane from an oblique 
angle, creating normal- and transverse forces. Due to the non-dispersive nature of the 
compression wave, a strain gauge couple is sufficient to determine the normal force. 
A different approach is used in order 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 transverse wave can be backward-propagated to the 
impact region and translated to a force and a moment at the end plane. From 
calibrations it is found that the suggested method is capable of simultaneous 
measurement of normal- and transverse force histories during an impact event, 
enabling studies of friction phenomena. The achieved accuracy is encouraging, but 
can be improved further by a more exact evaluation model and optimally chosen 
parameters. This application is developed further in the last paper. 
The work presented in paper  C  is an improved version of the method in paper  B,  

also based on the principle of a steel ball impinging a flat surface at an oblique angle, 
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, and 
second order dynamic beam theory 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. The transverse equation of motion according to 
Timoshenko (1955) has been used in the analysis. Accordingly shear deformation and 
rotational inertia of the beam are considered. Also the inertia of the upper 
accelerometer and the tungsten carbide end plate is accounted for in the evaluation 
model. These effects are considered important due to the high accelerations, and the 
high frequency components generated by an impact. 
The experimental set-up, see figure 4, has been improved concerning the attachment 

of the accelerometers, and the application of the forces. The accelerometers are 
attached by screw thread to the rod, and a fixture (controlling the 50 min steel ball) on 
a moving sled has been added to the apparatus in order to enable accurate and 
repetitive impact loading to the lubricant. Further more the instrumented rod is 
standing in an upright position, and has been reduced in length to 4 meters. 
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Figure 4. Experimental set up of the "Ball & Bar Apparatus". The instrumented hammer is 
solely used for calibration purposes. 

Figure 5 shows the development of the friction coefficient during the impact for five 
different oils at 2.5 GPa pressure, for three independent measurements on each 
lubricant. As indicated, the repeatability is high. It can be observed that there are 
measurable differences between the lubricants under the test conditions, not only in 
magnitude but also in distribution over time. 

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 fewer possibilities to adopt different 
kinds of configurations, and the oil is therefore expected to have a stiffer behaviour  
Höglund  (1999). 
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Figure 5. Friction coefficient as function of time for a Hertzian pressure of 2.5 GPa. 

From multiple measurements at different pressures a general tendency of decreasing 
friction coefficient with increasing pressure is observed. A physical explanation of 
this phenomenon requires detailed studies of governing parameters in an EHD 
conjunction. Further work will be performed in this area 
From the result of this investigation it is concluded that the suggested method is 

capable of simultaneous measurement of normal and transverse forces during an 
impact event, the achieved accuracy is good and transient friction phenomena can be 
studied with this method during relevant EHD pressures. 
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A Modified Split-Hopkinson Pressure Bar 
Method for Determination of Dilatation-Pressure 
Relation of Lubricants used in EHL 

In theoretical calculations of film 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 100-300 ,us 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. 

1 Introduction 

In an EHL contact the lubricant is generally 
subjected to pressures of several GPa and short 
duration, typically 100 to 500 µs. 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 film 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 also the dilatation-pressure 
and density-pressure relationships of the lubri-
cant. If these relations are not known, only 
solutions based on isoviscous and 
incompressible conditions can be obtained. 

Several investigations have been made 
under static conditions. Dowson and 
Higginson (1966) used static pressures up 
to 400 MPa and suggested the density-
pressure relationship  

P 	0.6p 
—=1+ 

1+1.7p 	
(1)  

P   
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„ 	
(2) 

0.6 — 2.3 	 
V, 

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

Hamrock  et al (1987) made static measure-
ments between 0.4 and 2.2 GPa and fitted curves 
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 com-
pressibility to decrease dramatically. Com-
pressibility 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 

1 
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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, Ramesh (1991), led Feng and 
Ramesh (1993) to suggest the relationship 
(generally used for shock-waves in non-porous 
solids not undergoing phase transformations) 

(3) 

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 gm thick 
giving a loading time of 1 gs, 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),  Färm  and  Sundin  (1994), 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 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,  Färm  and  Sundin  (1994). 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  H1OF) 
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. 

Fig. 1 Mechanical parts of the experimental set-up. 
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This length is measured with a position trans-
ducer 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 gm, 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. 

Fig. 2 The pre-stressed container and the 
pistons. 

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 gs and the recording time 1.6 ms. All the 
signals were transferred on line to a Macintosh 
Quadra computer and evaluated with a program 
written in Lab WIEW 

2.2 Evaluation procedure. 	In a standard 
SHPB experiment the rods on both sides of the 
specimen have constant properties and undis-
turbed wave propagation prevails. In this investi-
gation 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 ap-
plicable and must be replaced with a more gen-
eral method developed by Lundberg et al (1990) 
and applied in a similar situation by  Färm  and  
Sundin  (1994). In this method the real system is 
represented with a model in which the cones are 
approximated with segments of constant proper-
ties. 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  A(t), is measured. Then 
normal force NA(t), positive in tension, and 
particle velocity v4(t), positive in the  x-direction, 

can be determined as NA(t)  =E  AEA(t) and v 4  (t)=- 

cEA(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 
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a) 	 aid of a second strain history eB(t), measured at a 
xo 	 x l 	xn  x cross section  B,  according to the relation 

   

Nn 
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b)  
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Fig. 3. a) Model for evaluation with piece- 
wise constant properties.  

b)  Forces and velocities on the 
specimen surfaces. 

N(t) = j_dt + Ti  ) + N j_i (t — Ti  )+ 

and 

vi (t)= [ 	[Ni  ,(t +Ti )— 	—TA+ 
Z 	 (5) 

(t 	Tj  )+ 	Tj  ) 1/2 

where  J  Z•=A-E./c• is the characteristic impedance JJJ 
for the segment between cross sections xi_i and 

xi and Ti=(xi_i -9/9  is the wave transit time 
through that segment. The normal compressive 
force, F(t)=-Nn(t), and particle velocity, 
v(t)=vn(t), at the end of the last segment, repre-
senting 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 vA  is not simply related to the 

strain 84. It can however be calculated with the 

VA  (t)=VA  (t-2TBA  )+C  [-EA  (0- EA  (t- 

2TBA)+2EB(t-TB A)] 
	

(6) 

where TBA  is the wave transit time between the 
cross sections A and  B.  With vA(t) known, 

equations (4) and (5) are used to determine the 
force and the velocity at the interface of the 
specimen. Consequently the quantities  Fm,  FE,  vm  

and vE  (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 CI and the dilatation  d  can then be deter-
mined according to the simple relationships  

FE  (t) 
p(t) -= 

An 
 

il(t)= [V, (t)— VE  (t)] 

= 	[V I,/  (t)— V E  (Oldt 

where L is the length of the specimen and At, is 
the area of the piston. Equations (7)-(9) presume 
a homogeneous quasistatic condition in the 
specimen, which is achieved if 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 µs. 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,  FE,  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,  Fm,  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 

4 

(4) 



00 
	

0.2 
	

0.4 
	

06 
	

0.8 
	

12 

t [ms] 

specimens made of either aluminum or steel 
fitted into the cylindrical hole in the container. 
The specimen was free to expand in radial direc-
tion. 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. 

Table 1 	Properties of the two tested oils 
Naphthenic 

Shell HV1650 
Synthetic Poly-

phenyl Ether 5P4E 
Viscosity 
(40°C) 
[mPasl 

410 459 

Density 
(15°C) 
[kg/m3] 

891 1198 

13 Thermal 
modulus 
(38°C) 

[MPa/°K]  

1.25 1.59 

C„  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 oil  

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. All 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  cl  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 gs and that of the 
unloading phase about 300 gs for the 5P4E oil, 
see figure 4. These times are typical for both of 
the tested oils. 

Fig. 4 Pressure plotted against time for 5P4E. 
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Fig. 5 Dilatation plotted against time for 
5P4E. 
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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. The 
5P4E shows a lower compressibility, i.e. a higher 
stiffness than the naphthenic oil. This is in 
accordance with previous results by Feng and 
Ramesh (1993). 

2 

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

5P4E 

1.4- 

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 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. 
If 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 compen-
sation. 

00 
rz... 	1 2 

OS. 

0.6 - 

OA- 

0 2 
	 Naphthenic oil 

00-- 	005 	0.1 	0.15 

Dilatation d 

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

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

02 	025 	0.3 

2 

1.8 

1.6 

1 4 

1.2 

       

  

Loading 	Unloading 

 

p 	cid +c,d2 	 (10) 

has been fitted to the experimental data in figure 
8, using the method of least squares. The 
empirical model, with constants ci and c2  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. 

       

0.8 

OA 

0A 

0.2 

0
0 
 - 	 

0.05 

    

Leakage between loading 
and unloading 

 

0.15 	0.2 	025 	0.3 

Dilatation d  

 

Fig. 7 Loading and unloading curve for the 
synthetic oil 5P4E. The difference between the 
loading and the unloading phase is leakage. 
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Table 2. Pressure-dilatation relation. The Dowson and Higginson, Feng and 
Ramesh and uresent investigation 

Dilatation-pressure relation Type of oil and constants 
Dowson 8z  
Higginson  

d  Mineral oil: 

	

k1=0.6 	[GPa  li  

	

k2=2.3 	[GPa-1] 
P  —  k,  —k,d 

Feng & Ramesh Kd Mineral: 	Synthetic:  
K=1.4 	[GPa] 	K=4.3 	[GPa] 
a=3.5 	a=1.0 

P  — 
(1 — ad)2 

Present  
investigation investigation 

p  =c,d+c,d2 Sthetic: Synthetic: 
ci=1.3 	[GPa] 	c1=3.1 	[GPa] 
c2=15 	[GPa] 	c2=48 	[GPa] 

3.2 Isothermal recalculations. All experi-
ments have been conducted under adiabatic con-
ditions. The combination of a large specimen 
and a short loading-unloading cycle justifies the 
assumption of negligible heat loss. In most 
contact applications (such as EHL or ultra thin 
oil films), the film 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 
isothermal 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) ße 

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 3 . The coupled heat equation for an 
insulated isotropic medium given e.g. in Fung 
(1965) yields the relation between temperature-
and dilatation rate  

ar  T  ad  
Dt 	p(d)C, ß  at  • 

Po  Implementing the density function p(d) — 
1—  d  

and solving for the temperature gives 

T— To  • el'I'C[ 
 

n 
 2)  where it is assumed that  C,  is 

constant during  during the process. Since 0 = T —TO we 
get 

[

e=i epoC,  
ß  (d  

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

P = f (d) + To [  132   [ci 	 

poC, 	2 
2 

ß[  ß 	--
d2 

± o(d3 ) ] 
2 p„C,,) 	2 

Retaining terms of  d  and d2  and assuming that 
f(d) is a second order polynomial with 
coefficients .// and 12, we get the adiabatic 
pressure-dilatation relation 

p=k+To  )32  1c1+ 
poC 

[ 
2 

To /32   Y 	+0(4 1 + 
2 poC, poC, 

(13) 

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

c,  = ,+ 
p

i3
oc

2  

and 	c2 =[1 + 	132 	ß —1)], 
2  2 poC, poC, 

from which the dynamic isothermal coefficients 
Ii and 12 can be calculated as ci and c2  are known 
from the adiabatic measurements. Using the 
specimen properties ß, po,  C,  at room 
temperature (see table 1) and the measured 
coefficients  cl  and c2 (see table 2) the isothermal 
coefficients  h  and 12  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 

(12) 
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Dowson and 
Higginson 

Feng and 
Ramesh 

Present 
investigation 

synthetic oil. The isothermal pressure-dilatation 
relations obtained with these coefficients are 
plotted in figure 9 together with the measured 
adiabatic relations for comparison.  

quantify such a transition. The absence of a 
transition may be explained by the temperature 
increase associated with the adiabatic com-
pression, or by the rapid loading 

2 
2 

1 8 

1.6 - 

1A - 

18- 

1 6 - 

1 4 - 
4: 	12 - 

12   - 
C.7 

1 
12.  0 8 - 

0.8- 
0.6 - 

 	5P4E adiabatic 0.6- 
0.4- 5P4E isothermal 

Naphthenic adiabatic 0.4- 
0.2 - Naphthenic isothermal 	- 

0.2 - 

0.05 	0.1 	0.15 	0.2 	0.25 	0.3 	0.35 	0.4 

Dilatation d  
0.05 	0 	0.15 	02 	0.25 	03 

Dilatation d  

Fig. 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 compu-
ted 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  Hamrock  et al (1987). Feng and Ramesh 
(1993) 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 

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

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

For mineral oil, Dowson and Higginson 
(1966) made static measurements up to about 
400 MPa. Feng and Ramesh (1993) 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 
Dowson and Higginson 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 
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 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  ps,  Feng and Ramesh 
(1993), using the  Kolsky  bar method and from 1 
GPa to almost 5 GPa, Ramesh (1991), using the 
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Ramesh 
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Fig. 11 Comparison of measurements by 
Feng and Ramesh, Dowson and 
Higginson and the present investi-
gation on the synthetic oil 5P4E, 
equations (2), (3) and (10). Solid lines 
indicate measured values and dashed 
lines extrapolated. 

plate impact method which generates loading 
times of 1 µs. These loading times, 1 and 10 µs, 
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 
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 µs, 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 deter-
mine 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, 100-300 µs. 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 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 
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area of the rod 
area of piston 
point on the main rod 
dimensionless material constant 
point on the main rod 
material constant 
material constant 
wave speed in rod 
specific heat at constant volume 
dilatation 
elastic modulus 
index extension side 
force 
isothermal material constant 
isothermal material constant 
material constant 
material constant 
material constant 
length of the oil column 
index main side 
normal force 
pressure above atmospheric 
time 
displacement 
particle velocity at the piston- 
oil interface 

volume at pressure  p  

volume at atmospheric pressure 

change in volume, V-V0  
coordinate 
coefficient of thermal expansion 
strain 
density of oil at pressure  p  
density of oil at atmospheric 

pressure 
temperature difference 

A 

A 
a 
B 
cl  
C2 
C 

C, 
d 
E 
E 
F 

12 

k1 
k2 

N 
P 

V  

Vo  

AV  
x 

E 

P  
Po  

[GPa] 
[GPa] 
[m/s] 

[kJ/kg.°K] 

[N/m2] 

[N] 
[GPa] 
[GPa] 
[GPa] 

[1/GPa] 
[1/GPa] 

[N] 
[GPa] 

[s] 
[in] 

[m/s] 
3 

[111
3
] 

[In 

[
3 

In 
[In] 

[MPar K] 

[kg/m3] 

[kg/m3] 
[°K] 

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 	Nomenclature 
temperature rise is small. 
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In the assessment of lubricant performance and also in various other contact 
applications it is of importance to know the frictional qualities of a surface. 
Under quasi-static conditions, normal and frictional forces are measured using 
force transducers but the task is more difficult when loads are transient. The 
experimental method presented in this paper is based on the analysis of 
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 from the axial non-dispersive wave using 
strain gauges. Transverse force and bending moment both generate dispersive 
flexural waves. From the FFT of two transverse acceleration histories, the 
frictional force at the end of the rod is evaluated using beam theory. The 
relation between normal and frictional force histories displays the frictional 
properties at the impact. Preliminary results are presented.  

C)  1999 Academic Press 

1. INTRODUCTION 

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 
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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]. 

2. THEORETICAL BACKGROUND 

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 T is 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  y  direction is M =  Ne.  The 
transverse force T and the bending moment M generate a flexural wave in the x— 

Figure 1. Normal and transverse forces due to an off-axis impact on the plane end of a rod 
with circular cross-section. 
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z 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 

NW= AEs(t + to), 	 (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. 

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

EIwn" + pAii; = 0, 	 (2) 

where (') and (*) denote differentiation with respect to the  x  co-ordinate and 
time, respectively. Young's modulus  E,  area moment of inertia I, 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 
w = Cei(kx ± ("') inserted in equation (2) yields the characteristic equation 

k4 _ 24(02 ___ 
0, 
	

(3) 

where  k  is the wave number, co is the angular frequency and cx4  = pAIEI. 
Equation (3) has four solutions for the wave number  k  of which only two are 
physically acceptable for an initially quiescent semi-infinite (x>0) rod impacted 
at its end. The final expression for a harmonic component of the transverse 
displacement is therefore 

wh(x, t) = ti)(x, co) eiwt  = [Ci (co)  e(-)"  + C2(co) e(-ctl] eicot, 	(4) 

where C1(w) 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 vi)(x, co) 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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1-1;I =  E  (0 , co) = EI(oc fa3)2  {—  C  + C2], 

= Eli/11(0, co) = EI(ctfc5) 3  [iCi + C2], 

_ 	(0) = _032[c
i 
 e-ialAToxl + C2 Ca'/ ] 

	
(5) 

= 	co) 	_co2[ci e—iaVo5x2  _4_ C2 e —a-Vc7ox2i
, 

 

from which the complex constants C1  and C2 can be eliminated. Thus, from the 
Fourier transforms of the two measured acceleration histories ai(t) and a2(t) in 
the z direction at two positions x1  and x2, the Fourier transforms of the bending 
moment and the transverse force caused by the impact can be determined. It is 
convenient to choose x1  = 0 and from the expressions in equations (5), 
elimination of C1  and C2 gives 

Eloc2  
M = 

co(n — m) 
[2a2  — (n + (6) 

—Eloc3  

\fc_0(n — m)
[(i 1)a2  — (in + 	 (7) 

where  n  = e-c`V 2  and m = 	for the two quantities (M and T) 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. EXPERIMENTS 

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: —, al  (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 

-20 
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Figure 4. Measured and evaluated transverse force: —, evaluated; - - -, measured. 
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Figure 5. Measured (Ne)and 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 us, 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. DISCUSSION AND CONCLUSIONS 

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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Investigation of Frictional Properties of Lubricants at Transient EHD-
Conditions 

Åhrström, B-0. 
Division of Machine Elements,  Luleå  University of Technology, SE-971 87  Luleå,  Sweden 

In assessment of lubricant properties and in various contact applications, it is of importance 
to know the frictional qualities. Under quasi-static conditions, normal and transverse forces 
are measured using force transducers but the task is more difficult when loads are high and 
transient as they often are in elastohydrodynamic conjunctions. The experimental method 
presented in this paper is based on analysis of propagating waves in a beam, due to an impact 
on its end surface, using  FET  analysis. Since the impact is oblique, both non-dispersive 
compression waves and dispersive flexural waves are generated. The normal force originating 
from the axial wave is measured using straingauges, while the transverse force is derived 
from the FFT's of two lateral acceleration histories using Timoshenko dynamic beam theory. 
The relation between normal- and tangential force histories displays the frictional properties 
at the impact as function of time, i.e. variations in frictional properties during loading and 
unloading (typically 200-400 i_ts in ball bearings and gears) can be observed. A variety of 
lubricants have been studied up to a Hertzian pressure of 2.5 GPa, and the method and results 
are presented. 

1. INTRODUCTION 

In the field of lubrication and friction the interaction between two surfaces separated by a 
thin film of lubricant is studied. The aim of the research is to increase efficiency and reduce 
damage in machine elements such as bearings and gears. As computers and computer codes 
become more sophisticated, simulations of more complex physical and mechanical processes 
are being conducted. Reliable result 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 many contact applications elasto-hydro-dynamic (EHD) lubrication is at hand, 
which is characterised by moving- and elastically deformed surfaces, high contact pressures, 
lubricant compression and high shear rates. Hence accurate quantification of lubricant 
properties in such conjunctions are difficult due to the prevailing conditions. Investigation of 
transient EHD-lubrication involves experiments in which frictional properties evaluated from 
simultaneous normal and transverse forces are studied under impact conditions. From the 
results of such experiments quantitative information regarding lubricant properties can be 
gained and used in computer simulations. 
Several authors have reported experiments on frictional properties of lubricants under 

different conditions regarding pressure and shear rate and with different methods. 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 the loading times and other conditions are 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 impinging 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. 



The present work presents an improved version of the method in reference [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 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 [8]. 

2. THEORETICAL BACKGROUND 

Simultaneous normal and transverse transient forces, due to an oblique impact on the end 
plane of a long rod, are considered. The transverse force To generated by the impinging body 
is a friction force parallel to the z co-ordinate axis. The normal force No is a compressive force 
oriented parallel to the rod's axis which is the  x  co-ordinate. An off-centre impact does not 
affect neither the transverse nor the normal force, but will generate a bending moment at the 
end plane oriented in the  y  direction and with a magnitude of MO=Noe, see figure 1. The 
bending moment and the transverse force generate a dispersive flexural wave in the  x-z plane 
described by the centre line deflection of the rod w(x, t). Second order Timoshenko beam 
theory is used for evaluation purposes of the flexural wave, implying that both rotational 
inertia and shear deformation are accounted for. The normal force is assumed to generate a 
plane 1-D axial wave although it is more or less a point force.  

  

  

 

TL  

  

Figure 1. Geometrical properties of a rod subjected to external loads i.e. traction- and normal forces and a 
distributed load. The cylindrical body represents a rigid body of tungsten carbide to support the high 
pressures generated by the impinging steel ball, while the point mass (m2) represents the mass of an 
accelerometer. 

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

No (t)= AEKt + to ) 	 (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. 
On the contrary to the non-dispersive axial wave, the dispersive flexural wave is more 
complex to handle numerically. 
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The equation of motion in the transverse direction for a Timoshenko [9] beam is 

( 	E \ 	p21 	PI 	EI  
EIw"+ 	pl 1+— w + 	ii?=  q + 

kG  j  kG 	WA  kGA 
(2) 

where ( ) and (*) denote differentiation with respect to the  x  co-ordinate and time, 

respectively. Young's modulus  E,  area moment of inertia I, density  p,  cross-sectional area A 
and the geometrically related correction term  k  (as described by reference [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 iii„(x,t)= Be' (')  inserted in equation (2) yields the 

characteristic equation for the case where there is no distributed load, that is q(x,t)I-7 0, 

ElkGK 4  —(p1kGco2  + pIEco2 )K 2  + p2  10)4  — pAkGco2  =0 	 (3) 

where co is the angular frequency. 
Since equation (3) is of 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: 

w(x,t)=11)(x,co)e" 	+ B2eufie" = 

	 plo?(W+E)+a),1 p21'wz  (kG-kEY —4E1k4,21cd 2 —pAkG)}v 
B,e    

The first term in equation (4), having a real wave number, represents a harmonic wave 
travelling in the positive  x  direction. The second term, having an imaginary wave number, 
represents a non-propagating vibration or a so-called evanescent solution. The term within the 
bracket is the Fourier transform of the transverse displacement, and  Va.))  and B2(w) are 
complex constants. Utilising the relations between displacement, bending moment and shear 
force and completing with compensation for external masses, yields the following 
expressions: 
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If the moment, due to off-axis impact, would be negligible, that is M, a 0, the complex 

constants Bi(co) and B2(w) 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 can not be guaranteed, another approach is considered. In order to 
determine the constants B1( at) and B2(w) in equations (5) and (6), two frequency related 
quantities have to be measured. The two acceleration histories enable the determination 
through the expressions: 

a1  (x  = x1 ) = co2i1,(x , co) = —131co2  ` 	— B20)2 	" 
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Since position xi conveniently equals zero, given from the experimental set-up, the 
expressions in equation (5) and (6), eliminating B1  and B2 becomes: 
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where m =  e"  and  n  =  e"""  . The time function Mt) is found by inverse Fourier 
transformation of expression (7), yielding the desired time history of the transverse force T(t). 
It should also be pointed out that in principle also other quantities related to flexural 

deformation than acceleration (velocity, displacement or strain) could 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. 
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3 EXPERIMENTS 

In order to carry out the experiments an apparatus has to be designed that satisfies the 
criteria for a Timoshenko beam and is instrumented for compression- and flexural wave 
measurements simultaneously. The apparatus has to produce an oblique impact, be easy to 
clean and apply lubricant onto. 

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 4 m is standing 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. At impact the steel ball strikes the tungsten carbide plate, 
releases from the sled and bounces off the end surface. 
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 if the impact is not in the centre of the cross-section. 
At a position 940 mm from the end plane a straingauge 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 utilised to calculate the normal force history No(t) according to 
equation (1).The distance from the end plane is justified since it is long enough to increase 
time measurement accuracy, but short enough to avoid perturbations from the reflecting wave. 
Lateral accelerations (z direction) are measured by two identical accelerometers (B&K 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 
directly under. Two identical charge amplifiers (B&K 2635) are used to amplify the 
accelerometer signals, and a digital oscilloscope (YOKOGAWA DL4100) records data. The 
sample rate used is ten samples per microsecond, and the record length is 10 000 samples. 
The software utilised for evaluation purpose is  Matlab  5.2 including a 10.000 point FFT and 
inverse  FFI.  The transverse force is calculated according to equation (7). 

3.2 Calibration 

A factory calibrated impact hammer (B&K 8202) with a piezoelectric force transducer 
(B&K 8200) is used for evaluation procedure verification. The sensitivity of the hammer is 
0.95 pC/N according to the calibration chart. The signal from the hammer is amplified (B&K 
2635) and recorded. A transverse impact diametrically opposite 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 3 and it is noted that there is a difference in histories due to the dispersive 
nature of the flexural wave and the distance between the accelerometers. 
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Figure 3. Measured acceleration signals from transverse force calibration. 

In figure 4 the measured and evaluated transverse forces are displayed. The shape of the 
curves indicates good correspondence between theory and practice. The shape of the curves at 
the end (after the impact) emanates from the dynamic behaviour of the instrumented hammer. 
Even then, the theory describes the actual event adequately even though that part of the 
impact event is unimportant. 

Concerning the normal force, the wave propagation is of a totally different nature. Since the 
compression wave is non-dispersive, the output of the straingauges is directly proportional to 
the normal force making the evaluation easy (figure 5). Due to the wave propagation velocity 
of the compression wave and the distance to the straingauge pair, the measured response is 
delayed 179 gs (to). By striking the end plate with the calibration hammer in the normal  x  
direction and measure the time between the load peaks, the delay is determined. 
Tests have been 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 measure any potential 
equalisation due to asperity contact, it has been confirmed that full film lubrication prevails 
during the impact. If the lubricating film is not fully developed, generated heat lowers the 
strength of the asperities in contact decreasing the friction coefficient. 
The bending moment originating from an off-centre impact is calculated through equation 

(6), but of no importance to the evaluation of the friction coefficient, since only the  normal-
and  transversal forces are required. Hence no efforts have been made to justify the accuracy 
of the evaluation algorithm for the calculated end moment. 
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Figure 4. Measured and evaluated transverse force history from calibration. 
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3.3 Experimental procedure 

Experiments regarding lubricant friction during relevant EHL conditions have been 
performed. The following lubricants were tested at Hertzian pressures 1.4, 2.0 and 2.5 GPa: 
Naphthenic mineral oil, Paraffinic mineral oil, Polyglycol, Polyalphaolefin and Rape seed oil. 
Properties of the tested lubricants are presented in table 1. 

Lubricant Density at 15°C 
p  [kg/m3] 

Dynamic viscosity at 40°C 
/70 [mPas] 

Viscosity index  
VI 

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

Table 1. Lubricant properties at atmospheric pressures. 

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 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 at 2.5 GPa. 

The contact time is about 250 kts and the magnitudes of the forces are what would be expected 
for a lubricated conjunction subjected to 2.5 GPa pressure at full film lubrication. 
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4 RESULT AND DISCUSSION 

In figure 7a-c  the friction coefficients (defined as the quotient between transverse- and 
normal force) for the different lubricants at the designated pressures are displayed. It can be 
seen that the relation between transverse- and normal force depends on the lubricant, and that 
the frictional properties of the lubricants seem to vary during the impact. 
The relations shown in Figure 7a-c  are results from several friction experiments with 

different lubricants and at different pressures. The forms of the curves indicate that friction 
conditions change during the loading and unloading sequence. A maximum is obtained when 
the normal force peaks, and after that the friction coefficient decreases with approximately 5-
15%. A possible explanation is that due to the high pressure, the lubricants transition into an 
amorphous solid-like state. The increase in pressure elevates the resistance to shear stress 
within the lubricant, hence friction coefficient increases. The exception is the measurement in 
Figure 7a, which is currently the minimum reliable limit for the apparatus. 
An error analysis has been executed in order to determine the sensitivity of erroneous 

measurement of the time shift in the axial wave. A relatively big error, 3 1.ts, does not have 
any significant impact on the slope of the evaluated friction coefficient. 
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Figure 7a. Friction coefficient as function of time for a Hertzian pressure of 1.4 GPa. 
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Figure 7b. Friction coefficient as function of time for a Hertzian pressure of 2.0 GPa. 

Figure 7c. Friction coefficient as function of time for a Hertzian pressure of 2.5 GPa. 

The relation between the different molecular structure 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 less possibilities to adopt different kinds of 
configurations, and the oil is therefore expected to have a stiffer behaviour. A general 
tendency of decreasing friction coefficient with increasing pressure is observed. This 
tendency has earlier been detected by reference [11], but no interpretation has been attempted. 
A physical explanation of this phenomenon requires detailed studies of governing parameters 
in an  EHE)  conjunction. Further work will be performed in this area. 

5 CONCLUSION 

Theoretical background and experimental verification is presented for a method that allows 
simultaneous measurement of transverse and normal forces due to impact on the flat end of a 
straight beam. Also the end moment due to off axis impact can be calculated, but that 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 Timoshenko dynamic beam theory has been 

used in the analysis. Accordingly shear deformation and rotational inertia of the beam are 
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 is accounted for in the evaluation model. This effect is 
considered important due to the high accelerations that arises. 

Since the intention is to use the method for friction investigations, it is important included 
forces can be measured accurately. It is observed from figure 4 and figure 5 that the calculated 
transverse- and the measured normal forces agree well with the corresponding measured 
calibration hammer force histories. The accelerometers used are 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%. 
From the result of this 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 good, (iii) transient friction 
phenomena can be studied with this method during relevant EHD pressures. 
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