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Abstract
The wear of a machine, whether it is due to fatigue or abrasive wear, will add
contaminants, in the form of particulates, to the system in question. Since a total
breakdown of the machine can be rather costly, one wants to be able to foresee
breakdowns and increase the machine life. Follow-up checks of machines are often
performed to detect an increase in wear, and thereby replace the machine or remove it
for service. This licentiate thesis mainly deals with the problems associated with
contamination control and sample withdrawal. A survey of where and how to take a
representative sample is performed using Stokes' law and the migration of spheres in
a channel. Some different techniques to measure the contamination are also presented,
together with their advantages and disadvantages. Sampling routines for proper
sample withdrawal are included. The thesis also includes some field aspects
concerning the influence of particles and the wear of grease-lubricated rolling element
bearings.
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1 Introduction
Oil is widely used as a lubricant in machine elements such as gears and roller
bearings. The lubrication of these machine elements has the characteristics of very
high pressure, high viscosity in the contact region, a very thin oil film and elastic
deformation of the solid surfaces. In hydraulic systems the oil is the carrier of energy,
transferring energy from the pump to a motor or different components. In hydraulic
systems the clearances are small and the flow rate is high. The purpose of oil in a
system is not only to lubricate the machine elements in the system; the oil also has a
cooling effect and works as a particle transport medium. One example of components
that can be found in most systems and are highly affected by dirt is seals, and they
play a very important role in protecting the components of the machine. Seals mainly
fulfil two important purposes: that of sealing so that the oil does not leak out of the
lubricated area, and that of preventing external contaminants from entering the sealed
area. Consequently, the seals are affected by the internal contamination found in the
oil and external contaminants like dust and water, this at the same time. If a seal fails
to protect the machine element from external contamination or if the oil leaks out, the
wear of the machine increases and the machine will eventually break down. Therefore
is it very important that the seals work properly.
The particle contamination in the oil can come from different origins, for example
(Svedberg, 1999):

•
•
•
•
•

system-generated particles, wear from components
particles introduced from outside the system, dust
particles built in during assembly
corrosion
chemical changes in the oil

The wear of a machine, whether it is due to fatigue or abrasive wear, will add
contaminants, in the form of particulates, to the system. Since a total breakdown of
the machine can be rather costly, there is much to be won in foreseeing breakdowns
and thereby increase the machine life. Follow-up checks of machines are often
performed, because of the savings that can be made detecting an increase in wear, and
thereby being able to replace the machine or remove it for service before it
breakdown. The life of a machine has three obvious wear rate regions.
• The first region is the running-in period. Here the debris comes from the asperities
that are smoothened down and/or shuffled off. This will add contaminants to the
system.
• The second region is "the machine life" and here the wear rate is low.
• In region three the machine is worn down and fatigue or abrasive wear will add
contaminants, in the form of particulates, to the system.
These three regions are often illustrated with the "bathtub" curve, Figure 1.
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Figure 1. Schematic illustration of the bathtub curve (Rao, 1996).
It is the third region, the abnormal wear region, which is often of interest, because
when the machine has entered this region, it is time to replace it. Since the wear
sooner or later leads to the breakdown of a component or a machine, the need to
monitor the system is establish. The purpose of condition monitoring is to extend the
life of a machine, by detecting region 3 and replacing worn out parts, and thereby
save money. One big advantage of using condition monitoring is that service
interruptions can be planned more precisely, thus avoiding unplanned service stops.
This means saving a substantial amount of money for big industrial factories. The
main reasons for using condition monitoring are (Hunt, 1993):
•
•
•

achieving life
maintaining life
reducing maintenance costs

There are many different ways to monitor a system, for example measurements of the
temperature, pressure, vibrations and the degree of contamination. In this thesis
contamination control has been investigated. The reasons for using contamination
control are (Hunt, 1993):
•
•

that the evidence is in the fluid
that the cost benefit is often better than that achieved with most other techniques

The task of detecting abnormal wear using a contamination control method involves
sample withdrawal and measurement of the contamination degree of that sample. The
contamination degree can be measured with many different methods, for example
spectrometric analysis, particle counters and microscope counting.

2 Contamination control
The techniques applied within the area of contamination control are many and there is
no universal method that is the most suitable and can be used for every system. The
technique to be used will depend on the system's condition, the amount and kind of
contaminant, the oil in the system, etc.
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The control system itself cannot prevent failure, but it can give an indication if
something is wrong with the machine. The control system should also indicate if there
is something wrong with the system itself It is very important that the control system
gives the right output. To achieve this a representative oil sample is needed. A
representative oil sample is of course not the only factor that decides the reliability of
the equipment. The reliability also depends on, for example, the wear debris, the
condition of the oil, the precision of the actual equipment and the load that it
experiences, how suitable the equipment is for the measurement and how well
designed it is.
Hydraulic systems compared with other machine systems use different types of oils
and often demand different levels of cleanliness. In hydraulic systems, since the oil
often passes all the components, the wear of one component affects all the
components in the system, and therefore these systems demand a high level of
cleanliness. Another factor that makes hydraulic systems very sensitive to
contamination is the small slits of the components. The slits can be blocked by
particles or the particles can wear down the slits, making the components less
controllable. In a machine such as a car, on the other hand, the parts are divided into
different systems, for example the gearbox and the engine, which means that, if one
system starts to wear abnormally, it does not affect the other systems. The way to take
a sample from different applications will vary, depending on how they are built and
the principle on which they work.
The key to successful contamination control is to obtain a representative sample of the
system. If the sampling is performed carelessly or if the sample is not handled right in
the measurement procedure, the sample can be contaminated, thus making the
analysis meaningless. If special sampling points were incorporated, at easily reached
and proper locations, in the design of the system, this could solve some of the
problems with sample withdrawal and more reliable sampling could be accomplished.

2.1 Sampling locations
To be able to obtain information about a system's contamination, a sample from the
system must be extracted. Since a representative sample cannot be drawn anywhere in
the system, the location where the withdrawal is carried out is very important. The
following main guidelines are recommended.
To monitor a specific component, the valve should be located in a line just after and
before the component (location 1 in Figure 2). These locations are chosen because a
sample extracted here will indicate if the component is beginning to wear and needs to
be replaced.
If the contamination degree of the whole system is to be determined, the valve should
be located in a main line (location 2 in Figure 2). The main line is chosen because the
oil that has passed all the components in the system also passes through this line, and
an oil sample taken here is therefore representative of the whole system.
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Figure 2. Sampling location chart.
2.1.1 Pipe sampling
The most representative sample is obtained from a location representative of the
condition of the system (Eleftherakis, 1992) and where the fluid is flowing in a
turbulent manner (ISO 4021, 1977). A turbulent flow is characterised by an irregular
motion and a macroscopic mixing motion perpendicular to the direction of the flow
(Kundu, 1990). Turbulent flow often occurs at discontinuities, for example after a
bend in a pipe. The opposite of turbulent flow is laminar flow, which is characterised
by the fluid moving in parallel layers ("laminas") with no macroscopic mixing motion
across the layers (Kundu, 1990). Reynolds demonstrated that the transition from
Vd

laminar to turbulent flow always occurs at a fixed value of the ratio Re = -

—3000.

In the Reynolds equation, V is the liquid velocity [m/s] averaged over the crosssection, d is a characteristic length scale [m], such as a tube diameter, and v is the
kinematic viscosity [m2/s] (Kundu, 1990).
The location of the tap or valve from which the oil samples are taken is of importance.
Depending on what information is required, the valve can be fitted differently. For
example, in a horizontal pipe particles lighter than the fluid migrate to the upper wall
of the pipe and particles that are heavier than the fluid migrate to the bottom of the
pipe. Naturally this is applicable to laminar and turbulent flow. Lundberg (1987) has
found that in a pipe located vertically with a downward Poiseuille flow (pressure
flow), with a mean Reynolds number of 74, spheres lighter than the fluid can be found
in the middle of the channel. The heavier spheres are to be found at the walls. If the
flow is upward, the spheres that are heavier than the fluid migrate to the middle of the
channel and the spheres lighter than the fluid to the channel walls.
The basic research by Lundberg (1987) gives some possible hypotheses concerning
sampling locations. Although Lundberg's experiments were conducted using a
rectangular channel, it may be possible to approximate his results to apply to all kinds
of pipes. The first choice of sampling location should be in a turbulent area of the
channel. The turbulence will make the flow random and the particles will be randomly
distributed in the pipe, and therefore the chance of obtaining a representative sample
is good. If this is not possible and the flow is laminar, i.e. the particles are distributed
in an ordered way, the results of Lundberg (1987) can be used to examine different
4

cases of sampling locations. Sampling from a pipe can be performed from below,
from above or from the side. So, if the flow is laminar and the pipe horizontal, three
cases occur:
•

•

•

Risk of getting settled particles into the sample, solved
with extensive flushing to clean the valve. Good choice
if the sampled component is expected to give dense
debris. For example pitting damage or abnormal wear.
Sampling from above:
Risk of missing the dense particles, because of their
settling capabilities. Good choice if the component
gives an increase in small-sized (light) wear particles.
Sampling from the side: Risk of missing the dense particles, because of their
settling capabilities. This is a compromise between
sampling from below and sampling from above.
Sampling from below:

In the other case of laminar flow and a vertical pipe, the sampling can only be carried
out from the side, and here two cases occur:
•
•

The heavy particles can be missed, because they are placed in
the middle of the channel or cannot follow the flow upwards.
Downward flow: The heavy particles will be located relatively near the wall.
Good chance of obtaining a representative sample.
Upward flow:

2.1.2 Container sampling
However, it is not always possible to take a sample from a valve or a tap, and
sometimes the sample must be taken from a container. When this is the case, more
precautions must be taken, because of the increased risk of errors. It is very important
that the oil in the container should be well mixed if a representative sample is going to
be taken. Here time is essential. If the oil is well mixed, the particles are also well
mixed, but as soon as the mixing stops the sedimentation of particles starts. According
to Stokes' law, with respect to a sphere falling in a liquid in an infinite large
container, the velocity, v, of a particle is (Allen, 1997):

v = gD

2

(P p

p,)

(1)

18p

where g ----- the gravitational acceleration, D = the diameter of the particle, pp = the
density of the particle, pi = the density of the liquid, and f.t. = the viscosity of the
liquid. Equation (1), Stokes' law, has an upper size limit of 0.25 Re. The assumptions
made in deriving Stokes' law are as follows.
• The particle must be spherical, smooth and rigid, and there must be no slip
between it and the fluid.
• The particle must move as it would in a fluid of infmite extent.
• The terminal velocity must be reached.
• The settling velocity must be so low that the inertia effects are negligible.
• The fluid must be homogeneous compared with the size of the particle.
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Important factors that will keep the particles from settling are the flow in the container
and the fact that real particles have different shapes that will make them settle slower
or faster. If the container is small, like a gearbox, particles of 100 gm in diameter and
above are almost impossible to "catch" if not the sampling point is reached within 5
minutes. The determining factors for successful sampling are where the sample is
taken and if the sample can be extracted in time, before the particles has settled at the
bottom of the container. By sampling in time and at the same point every time, there
is a good chance of obtaining a representative sample.

2.2 Sampling techniques
To determine the condition of a system, a sample of the system's oil must be extracted
and data about its particles can then be obtained, for example their size, quantity and
shape, and the type of contamination. The sampling can be carried out dynamically,
when the fluid is in motion while the machine is operating, or while the fluid is static.
Dynamic sampling (the extraction of a sample of fluid from a turbulent section) is
generally preferred to static sampling (the extraction of a sample of fluid from a fluid
at rest). This will make the possibility of extracting a representative sample higher
(Eleftherakis, 1992, Hunt, 1993, Bensh, 1972, Young, 1977), since the turbulence
prevents sedimentation and induces mixing of the particles. There are three main
different kinds of sampling techniques, in-line, on-line or off-line, see Figure 3.
1. In-line sampling means continuous monitoring within the system.
2. On-line sampling means continuous monitoring parallel to the system, controlled
with a by-pass system.
3. Off-line sampling is mainly performed with bottle samples withdrawn from the
system.
In-line
On-line
Off-line
Figure 3. Three types of surveillance: in-line, on-line and off-line.
The different sampling techniques have different characteristics, and choosing the
best technique for obtaining a representative sample should be based on the type of
system in question and the information needed about the system.
1. In-line instruments are often electrical sensing instruments or instruments using
ultrasound methods and radioactive methods.
2. Examples of instruments that operate under on-line conditions are automatic
particle counters, mesh blockage instruments, magnetic detectors, inductance
instruments, electrical conductance instruments, and instruments using radioactive
methods.
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3. The instruments that are used with bottle samples are many, for example
automatic particle counters, mesh blockage instruments, image analysis
instruments, magnetic detectors, instruments for manual microscope counting, and
instruments using gravimetric methods, ICP, AAS, and RDE, of which the last
three are for material analyses.
2.2.1 In-line and on-line sampling
In the off-line case the oil sample is first withdrawn and then sent for analysis, while
in the case of in-line and on-line sampling the analysis equipment is integrated with
the sampling procedure and the result can be obtained directly. The in-line technique
ought to have many advantages, the oil sample should be representative of the whole
batch and the environmental errors connected to bottle sampling minimised. However,
because of the high flow rates in most systems, in-line monitoring is often impossible
or is performed with qualitative techniques. It is doubtful if the in-line instruments of
today really measure on the basis of a representative oil sample, because the
instruments often interfere with the flow when performing measurements. This
interference changes the flow pattern and thus the particle distribution in the line, and
a representative sample is not taken. The in-line techniques available today are not
really useful for obtaining absolute measurement values out in the field.
On-line sampling is a compromise between off-line and in-line sampling, in that the
instrument is attached to the system using a by-pass line. The on-line and in—line
techniques are sometimes not adaptable to the system for different reasons, for
example due to a difficulty in reaching the sampling point or vibrations while the
system is running, as is the case in a gearbox in a truck. On-line instruments today can
often be used to take bottle samples using a built-in vacuum pump. In-line
instruments, which are often based on other techniques that do not include taking
samples from the flow, do not have this capability. The advantages of on-line
sampling over off-line techniques are that direct results are obtained, bottle cleaning is
not necessary, less technical expertise is necessary, and there is less risk of errors
when withdrawing a sample. The main disadvantage of on-line sampling is that it
does not provide information about the particle material or how the particles have
been generated. Fluids containing air or water, precipitation, dark oils, viscous oils or
excessively contaminated oil are problems when sampling on-line.
2.2.2 Off-line sampling
The off-line technique, bottle sampling, is adaptable to most of the systems and is
therefore a widely used method. The main advantage of this technique is that the oil
sample can be kept for further analysis. This is necessary if more information about
the particles in the system is wanted. The downside of the method is that the
possibility of errors is much greater than in the other techniques. For example, if the
bottle is open for a longer time after the sample has been taken or while the sample is
being taken, contamination from the air can interfere. Other problems are dirt
remaining in the bottle after cleaning and chemical changes in the oil during
transportation, when sending the bottle for analysis. The cleanliness of the sample
depends on the surfaces which the sample comes into contact with, i.e. the cleanliness
of the equipment (Fitch, 1983). The cleaning of the bottles should therefore be carried
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out according to ISO 4407 (1991). Because of the risk of errors using off-line
sampling, the sampling is of utmost importance, and is maybe as important as the
particle analysis. Bottle sampling is usually performed with a vacuum pump or by
taking the sample from a tap directly into the bottle.
When taking a sample from a pressurised line, the most usual technique is using some
kind of valve or tap. If container sampling is required, the different techniques are
drain plug sampling or using a vacuum sampler and a hose. Drain-plug sampling is
not recommended, since bottom sediment can enter the bottle, and make the sample
unrepresentative. An improvement of the drain-plug technique involves a short tube
that reaches upward away from the sump and into the active zone of the batch, see
Figure 4. Here it is important that an oil change is not performed through the modified
drain plug. The vacuum sampling technique involves a vacuum sampler and a hose
that is lowered into the oil. Fitch and Troyer (2000) have presented the most usual
sampling techniques and their disadvantages.

."‘,..„Plug or/and
valve

Figure 4. Modified drain plug sampling.
Since bottle sampling is not carried out continuously, the possibility of losing
important information about the system is much greater in this technique than in the
on-line technique.
Once a sample has been withdrawn, it should be sent to a laboratory for analysis as
soon as possible in order to avoid errors. The errors that can occur, mainly when using
a particle counter, besides those resulting from bad measurement equipment, after the
sample has been drawn can have several causes (Fitch, 1983):
• poor calibration of the analysis equipment
• air entrapped in the fluid
• fluids in the sample that are incapable of mixing with the oil
• contamination agglomeration
• poor dilution technique and fluid cleanliness, i.e. a contaminated dilution liquid
• contaminant settling
Problems that can occur when withdrawing a sample are as follows:
• dirty equipment, hoses, bottles, etc
• sampling after a filter
• sampling from a cold machine
• sampling from dead or laminar zones
• wrong bottle identification number
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•
•

adding oil before sampling
insufficient flushing of taps

2.2.3 Summary of sampling techniques
Here the different sampling methods advantages and disadvantages are presented,
together with what can go wrong when sampling:
In/On-line: Advantages:

The advantages of on-line sampling over off-line
techniques are that direct results are obtained, bottle
cleaning is not necessary, less technical expertise is
necessary, and there is less risk of errors when
withdrawing a sample.

Disadvantages: On-line sampling does not provide information about
the particle material or how the particles have been
generated. Fluids containing air or water, precipitation,
dark oils, viscous oils or excessively contaminated oil
are problems when sampling on-line. There can also be
a difficulty in reaching the sampling point. Another
thing that can disturb the measurements is vibration
while the system is running, as is the case in a gearbox
in a truck.
Off-line:

Advantage:

Oil samples can be kept for further analysis using other
methods. This is necessary if more information about
the particles in the system is needed.

Disadvantages: If the bottle is open for a longer time after the sample
has been taken or while the sample is being taken,
contamination from the air can interfere. Contaminants,
like dried mud, at the sampling location that can be
disturbed and fall into the sampling bottle. Other
problems are dirt remaining in the bottle after cleaning,
chemical changes in the oil during transportation, when
sending the bottle for analysis, and the cleanliness of the
equipment.
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3 Measurement instruments
3.1 Chemical analysis
In this chapter some of the most usual methods applied within the area of
contamination control are presented, namely the ICP (Inductive Coupled Plasma)
method, the RDE (Rotating Disc Electrode) method, AAS (Atomic Absorption
Spectrometers), APC (Automatic Particle Counters), manual counting, image
analysis, gravimetry, ferrography, PQ (Particle Quantifiers), and magnetic and electric
sensor methods. Other methods within the area of chemical identification are IR/FTIR (Infrared Spectrometers), the ARDE (Ashing RDE) method, the DCP (Direct
Current Plasma) method, the XRF (X-Ray Fluorescence) method, the XRD (X-Ray
Diffraction) method, EDX and EDS (Energy Dispersive X-Ray Analysis), and MS
(Mass Spectrometry).
3.1.1 ICP (Inductive Coupled Plasma)
The ICP/AES-technique (Skoog, 1998, Eisentraut, 1984, Lukas2, 1998, Hunt, 1993)
uses plasma to supply the sample with energy. The plasma is created due to a
continuous flow of noble gas (Argon). The oil sample is supplied in spray form to the
plasma and is heated to about 8000°C. The atoms in the sample are excited and will
emit light with a specific wavelength. The ICP technique uses lenses or fibre optics to
collect and focus the emitted light on a CCD-element or a photomultiplicator. A
lattice or prism divides the light in a spectrum. The photomultiplicator transforms the
different elements light intensities to electric current, which can be related to the
concentration in the oil sample. The ICP technique is illustrated in Figure 5.
Torch and
plasma
Aerosol
carrier Ar
\

Sample
solution

Figure 5. Nebulizer for sample injection, the ICP-technique.
The big advantage of the ICP technique is its accuracy and precision, and because the
sample must be diluted before analysis, the dilute liquid will be the main component
in the sample. This will limit the matrix effect. The matrix effect is the effect of:
1. background signal differences between different petroleum products
2. suppression or enhancement of the excitation analyte due to the sample
composition
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Background corrections and different calibration curves are often used to minimise
this matrix effect. Another advantage is that the analysis can be made semiautomatic.
Disadvantages are that sample preparations are necessary, a clean laboratory
environment is needed and, because of the sample supply system, the ICP technique
cannot handle particles larger than 51.1.m.
3.1.2 RDE (Rotating Disc Electrode)
The RDE/AES-technique (Lukas3, 1998, Lukas2, 1998, Hunt, 1993) uses a rotating
disc electrode to continuously supply an oil sample to an opening between the disc
and a rod electrode. A high voltage spark applied between the electrode and the disc
supplies the sample with energy, which will cause the sample's different compounds
to emit light with their specific wavelength. The RDE technique uses lenses or fibre
optics to collect and focus the emitted light on a CCD-element or a
photomultiplicator. A lattice or prism divides the light in a spectrum. The
photomultiplicator transforms the different elements light intensities to electric
current, which can be related to the concentration in the oil sample.
This is a method often used for oil and petroleum analysis, due to its simplicity. It is a
robust technique with few moving parts, it demands little maintenance, and it is often
used in the field. The RDE technique is illustrated in Figure 6.
Hi

voltae electrode

S • ark

Rotating disc

Oil sample

Figure 6. Sketch of the working principle of the RDE-technique.
The disadvantages of this method are the matrix effect. Although the matrix effect
does not have to be a limiting factor in wear analysis, it is a limiting factor in the
quality control of oils. The method cannot handle particles larger than about 14tm,
because of the limited spark temperature. The advantages of the technique are that it
is relatively easy to use, no preparation of the sample is needed and it is a robust
technique.
3.1.3 AAS (Atomic Absorption Spectrometers)
The atomic absorption spectrometer (Skoog, 1998, Hunt, 1993) has for nearly a
century been the most widely used method for determination of single elements in
analytical samples. The main components in an atomic absorption spectrometer are a
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radiation source, a sample holder, a wavelength selector, a detector, and a signal
processor and readout. The procedure in short is as follows. A small sample is
nebulized by a flow of gaseous oxidant, mixed with a gaseous fuel and carried into the
flame where atomization occurs (flame atomization), see Figure 7. The atoms are now
capable of absorbing radiation. A cathode lamp emits high intensity light with the
exact energy that is demanded to excite the particular element in question. The
element identification is carried out from the absorption spectra of the atomised
sample, The absorption can then be related to the concentration of the element in the
oil.

..

MONO CHROMATOR

............

DETECTOR

HEL

MIXING
CHAMBER

Figure 7. Atomic Absorption Spectroscopy (Hunt, 1993).
The problem with this method when quantifying the content in a sample is that it
cannot detect particle sizes greater than 5 gm, due to the sample supply system and
the flame temperature. It can only measure one element at a time, and it demands
preparation of the sample and experienced personnel. The advantages are that it is
easy to work with, and not so expensive.

3.2 Particle counters
3.2.1 Automatic particle counter
The APC (Lukash 1998, Hunt, 1993) is one of the most usual and fastest methods to
count particles in the laboratory and in the field. This method was developed to count
particles in hydraulic oils, but nowadays it is used for different kinds of liquid. There
are mainly two different sorts of APC, one that uses the light extinction principle
while the other uses the light reflection principle.
In the APC using the light extinction principle, liquid with a small flow, about 100
ml/min (depending on the model and settings), is transported through a small slit
situated between a light source and a photocell. The particles in the liquid absorb part
of the light, the absorbed light being proportional to the particle area, see Figure 8.
Impulses from the photocell are transformed to electrical signals that are sent to a
computer for calculation. The signal, which is proportional to the particle area, is
transformed to an equivalent diameter, the diameter of a sphere with the same area or
adjusted after the calibration dust, ACFTD.
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Flow

Light source

ED

Figure 8. Simplified sketch of the light extinction principle for the APC.
The light reflection method often uses a laser as its light source. The laser hits passing
particles and is reflected. The reflection is detected by a photocell, and its intensity is
proportional to the particle area. Otherwise this method works like the light extinction
method.
The advantages of the APC are that, with a known flow rate and particle size and
number, an ISO-code is obtained, and most of the APC on-line systems today are able
to handle contamination degrees at least up to an ISO-code of 22 (about 8 million
particles). It is a good method for individual particle size distribution. It is suitable for
filter surveillance. The disadvantages are that it only indicates the size and number of
the particles, not their material or shape. Small particles that aggregate will be
counted as large particles (though ultrasonic treatment can reduce the risk of
aggregation). It demands fairly transparent liquid, non-viscous and clean liquids. If
the oil is too dirty, or viscous, it has to be diluted. Oils that are heavily oxidised or
discoloured, or contain water, air or other particulate substances are not adaptable to
this method.
The ISO-coding is specified in ISO 4406 and is based on the number of particles per
unit volume (100 ml) greater than three particle sizes, >2/>5/>151.I.m particles,
according to a logarithmic scale. If N is the concentration in particles per 100 ml, the
class will be approximately given by 10/3*log(N)+1 (Svedberg, 1996). Maybe a
better and simpler way to describe the is code is by log(N)/log(2) and always round
off upwards.
3.2.2 Manual counting
Counting the particles using a microscope is one of the more common methods. This
can give information about the particle shape, what kind of material the sample
contains, and if there have been high temperatures or corrosion. An estimate of how
the big particles have been generated can be done, i.e. whether they have arisen from
cutting or pitting.
Counting particles manually is time-demanding and costly, but it is very useful when
a control of other methods is needed. This is quite a straightforward method, in which
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a known oil volume, often 100 ml, is filtered through a filter with a known pore size.
The filter is examined with different techniques:
•
•
•

examination in an optical microscope
comparison with a standard sample
weighing

The optical counting is performed by an operator and will give the size and number of
the particles. By applying different lighting the examination in the microscope can
also give information about the particles shape and material. This method generates
an ISO-code.
The advantages are that the method separates different particle sizes and shapes and
gives the amount of particles, and that no serious error in the counting can occur, in
contrast to the automatic particle counter. The disadvantages are that sample
preparation and cleaning are performed manually, it is operator-dependent and timedemanding, and only about 1% of the filter is used for counting.

3.2.3 Image analysis
This is a semiautomatic particle counting method, where the filter sample is scanned,
using a motor-driven table or a table turned manually, through the microscope with
the help of a CCD-camera, see Figure 9. The digital image that is produced is
transferred to a computer. The image analysis software determines, by contrast
examination of the picture, the amount and size of the particles on the filter. The size
of a particle is often given in an equivalent diameter. This type of particle counter
counts all the particles on the filter.
CCD-camera
Microscope

Monitor
I
II
M

Computer and
software

1I

Filter

Figure 9. A schematic of the principle of image analysis.
This method is less demanding than manual counting and should have a higher
repeatability. The method is insensitive to air and dark oils, etc., in contrast to APC.
The disadvantages are connected to the depth of sharpness and resolution of the
camera. Too low resolution of the camera can make the method count particles close
to each other as one particle, and with a small depth of sharpness refocus is necessary
when counting particles that differ a lot in size. Filtering a smaller amount of sample
can solve this first problem, but at the price of a higher degree of uncertainty in the
measurement.
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3.3 Gravimetric methods
The gravimetric method can be applied in the following three ways.
1. The oil is filtered through a membrane, after which the membrane is cleaned,
dried and weighed. The contamination weight is the difference between a clean
membrane and the membrane that has filtered the oil.
2. Two membranes can be used, one above the other. The oil is filtered through the
membranes, and oil and particles stay on the upper membrane, while it is mostly
oil that stays on the one beneath. The filters are cleaned and the difference
between them is the contamination weight.
3. The membrane can also be turned into ashes by heating. The oil is filtered through
a membrane, after which the membrane is cleaned. Then the membrane is heated,
which will turn the membrane to ash. The remaining contaminants are weighed.
These methods are limited by the uncertainty of the weighing machine and the
sampling technique. The third case, ashing, will only measure particles that are heatresistant. The advantage of these methods is that they work at high contamination
degrees and are simple methods. The disadvantages are uncertainties at low
contamination degrees.

3.4 Other methods
3.4.1 Analytical ferrography
The working principle of analytical ferrography, (Hunt, 1993) is that a small amount
of oil is poured onto a thin glass plate that is subjected to a magnetic field, see Figure
10. The particles that are ferromagnetic or partly ferromagnetic remain on the plate,
while particles of another material are flushed away. On the ferrogram the particles
settle according to size, first the large ones and then the small ones.

Oil Sample
Oil Inlet
Ferrogram Slide

Oil Outlet
Magnet

Figure 10. Analytical ferrography (Hunt, 1993).
Through thorough analysis in a microscope, the different metals in the samples can be
detected. A judgement of how the particles have been produced can be made, for
example whether the particles have been produced through cutting (long, thin,
distorted) or through pitting and wear (small spheres). Heating the debris will reveal
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further evidence of the particles, in that different colours at different temperatures can
be related to different kinds of materials.
The advantages of this method are that a thorough analysis in a microscope gives a
good wear analysis, and it is a simple method that is not disturbed by water particles
and preceptitations. The disadvantages are that it only captures the ferromagnetic
particles and experienced personnel are needed for the wear analysis. The method will
only give a qualitative measurement of the wear.
3.4.2

RPD (Rotary Particle Depositor)

Another method using ferrography is the RPD (Rotary Particle Depositor) (Hunt,
1993), see Figure 11. This method is also only intended for ferrous material. In this
method the oil is poured down onto a rotating plate under which two permanent
magnets have been placed. In the middle of the rotating plate a ring magnet is placed
and within this ring magnet a cylinder magnet is placed. These two magnets will
make the particles settle in three concentric rings, the largest particles in the inner ring
and the smallest particles in the outer ring.

Figure 11. The Rotary Particle Depositor's three concentric rings.
The advantages of this method are that a thorough analysis in a microscope gives a
good wear analysis, and it is a simple method that is not disturbed by water particles
and preceptitations. The disadvantages are that it only captures the ferromagnetic
particles and experienced personnel are needed for the wear analysis. The method will
only give a qualitative measurement of the wear.
3.4.3 Direct reading ferrography
DR ferrography (Hunt, 1993) gives only orientative information, but works according
to the same principle as analytical ferrography. In this variant the oil is poured
through a glass pipe that is subjected to a magnetic field. The particles will order
themselves according to size as in a ferrogram. Then the pipe is radiated at two
different places where the large and the small particles respectively are most likely to
be found, see Figure 12. The proportion of small particles (Ds) against the proportion
of large particles (DL) is obtained by measuring the light absorption at these places.
The small particles are of a size of 1-2 gm and the large particles are about 5 gm and
above. In this way a measurement of the system's condition is obtained. A "Severity
of Wear Index" can also be calculated to take into account the ratio of large to small
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particles. It has been quoted as: ID =13L2 -1)52. If ID increases, there is a greater
quantity of serious wear debris being generated. If the oil is very dark, then the
sample has to be diluted so that measurements can be performed.

Glass Tube tut
Debris Prerip tation
Light Source

Figure 12. Direct reading ferrography (Hunt, 1993).
The advantages of DR ferrography are that it measures on-line and is insensitive to
particulates in the oil, like water and air. The disadvantages are that it only captures
and measures ferrographic particles and will only give a qualitative measurement.

3.4.4 PQ (Particle Quantifier)
The PQ apparatus (Leao et al., 1996, Stentungard, P., 1988) allows fast and easy
qualitative measurements of the amount of iron particles in greases and oils. The PQanalysis method gives a dimensionless ranking number according to the content of
iron particles. This ranking number is approximately proportional to the amount of
iron particles in the sample.
The particle quantifier measures the concentration of magnetic particles in a sample.
An RPD sample, an oil or grease sample in a cup, or a sample on a membrane can be
used. The sample is put in a magnetic field, and the changes in the magnetic field are
measured. The principle of the particle quantifier can be explained if an electron in an
orbit around an atom is considered. This electron is equivalent to a current coil where
the radii of the orbit and the velocity of the electron decide the current (Stenumgard,
1988). The coil will produce a magnetic torque M, see Figure 13a.

P
a)

b)

- -----p
--I> —PI>
c)

Figure 13. a) Magnetic torque b) without magnetic field and c) with magnetic field.
A magnetic torque can be compared to a small magnet. The "magnetic torque arrow"
experiences a twisting torque if a magnetic field is applied to the coil. The torque M
will adjust to the applied field and enhance this field, see Figure 13b,c. The ability to
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adjust is a function of the atom properties and the strength of the applied field. Iron
and nickel have easily adjustable torque, while other materials like Al and Cu have
greater difficulty in adjusting. It is this effect that is used in the particle quantifier.
The advantages of this method are that it is a simple and fast method, while the
disadvantage is that it only gives qualitative values of the contamination.
3.4.5 Magnet sensor

The magnet sensor method (Hunt, 1993) is an on-line version of the PQ-apparatus.
Here the magnet sensor is activated and will attract the magnetic particles in the oil,
which get stuck on the sensor. A measurement unit measures continuously the
difference in the magnetic field during the sampling and converts changes in the
magnetic field to electrical impulses. The magnetic plug can be withdrawn from the
system and the particles on the plug can be examined.
The advantages of this method are that it is a robust method that can measure the
contamination in-line and some wear analysis can be performed. The disadvantages
are that the measurements are qualitative and only of ferrous particles.

3.4.6 Fulmer

The Fulmer method (Hunt, 1993) involves a sensor, a metallic film, which is placed
directly in the flowing medium. Hard particles that hit the film cause scratches and
this will reduce the metallic film's cross-section area. Large particles that are
produced during intensified wear will erode the film faster. This reduction gives an
increase in resistances, which is transported as electrical signals for read-off on an
instrument or for storage on a measurement card.
The advantages of this method are that it works in-line and is robust. The
disadvantage is that it is a qualitative method.

3.5 Concluding measurement overview
The measurement methods presented above are summarised in Table 1 below. The
table shows some of the characteristics of each method, namely if the method is
destructive to particles, the size of particles that the method measures, what
monitoring technique it can be used with, if wear analysis is included, and the main
application of the method.
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Table 1. Summary of measurement methods.
Technique

Destructive to
particles

Size range

Monitoring
In

On

Advantages

Disadvantages

Off

Wear
debris
analysis

ICP

Yes

0-5 gm

X

No

Accuracy, precision,
semi-automatic

Sample preparation,
laboratory
environment, only
particles up to 5gm

RDE

Yes

0-10 gm

X

No

Easy to use, no
sample preparation,

Matrix effect, only
particles up to 10gm

AAS

Yes

0-5 gm

X

No

Easy to use,
inexpensive

One element at a time,
sample preparation,
only particles up to 5
gm

APC

No

0-5 mm

X

No

Individual counting
of particle size and
number, easy to use,
on-line

No material, sample
preparation often
needed, sensitive to
other particulates in
the fluid

Manual
counting

No

> 5 gm

X

Yes

Individual counting
of particle size and
number, no serious
errors

Sample preparation,
operator-dependent,
time-demanding

Image
analysis

No

>0.1 gm

X

Yes

Gravimetric
methods

No

> 0.45 i.tm

X

Ferrogaphy

No

>0

DR
Ferrography

No

>0

PQ

No

>0

Magnetic
sensor

No

>0

Fulmer

No

>0

X

Insensitive to
particulates in oil,
high repeatability

Difficult to obtain the
right optics, resolution
of camera, sample
preparation

Yes

Work at high
contamination
degrees, easy to use

Sample preparation,
uncertainties at low
contamination

X

Yes

Good wear analysis,
simple to use

Only ferrous particles,
qualitative
measurement

X

Yes

On-line, insensitive
to other particulates
in the oil

Qualitative
measurement, only
ferrous particles

X

No

Simple, fast method

Qualitative
measurement, only
ferrous particles

X

Yes

In-line, some wear
analysis

Qualitative
measurement, only
ferrous particles

X

No

In-line, measures on
hard particles

Qualitative
measurement

X
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4 Sampling routines
Since it is of great importance to take samples in the right way, it is a big advantage to
have a sampling routine in writing that is followed every time a sample is taken. If it
is possible, the same person should take the sample every time. Below a method for
obtaining a representative sample is proposed. The method is a development of ISO
4021 (1991).
General advice:
•
•
•

•

•
•
•
•
•
•
•

Choose a suitable place to take the sample, and if possible avoid draughty places,
rain, etc.
Clean the sampling area carefully and open the valve or loosen the plug gently.
Take the sample from a turbulent area, optimal sampling areas are live zones, for
example zones before a filter. Do not use dead zones such as static containers and
reservoirs.
When dealing with machinery the sample should be taken from the machine's
normal environment, at normal temperatures while running or just after the
machine has stopped.
Do not add oil before taking the sample.
Use a pre-cleaned bottle, hoses, etc. according to ISO 4407 (1991).
Do not fill the bottle more or less than 50-75% (more can prevent mixing), but
samples should be at least 100 ml.
Keep flask caps in a clean environment.
Before fastening the plug, clean the plug.
Mark the bottle with an id-number, and the sampling point should also be marked.
Analyse the sample as soon as possible.

The area around the sampling tap should be cleaned before the tap is removed,
otherwise there is a risk of pushing in debris from the outside. If the sampling location
seems clean, just wipe off the sampling location, do not try to remove dirt by using
solvents, as every disturbance of the system can deteriorate the sampling. If, however,
the dirt seems to loosen easily, using solvent cleaning can be a good idea.
When sampling from a valve, flush the sampling point as long as possible if the
system is small. For larger systems use at least 200 cm3 for flushing. If drain plug
sampling is being carried out, allow the initial oil to drain first and then take the
sample; do not sample at the end of the oil flow, since the initial and the last oil that is
drained from the system contain settled material. When using a vacuum pump, try to
keep the end of the tube off the bottom and walls of the container.

5 Practical experience from field tests
In this chapter some results from field test involving grease lubricated bearings are
going to be presented from the point of view of particles and wear. Different fully
formulated commercial greases were examined in the wheel bearings of ore waggons,
used for transporting ore commercially by railway from the Kiruna Mine in northern
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Sweden to Narvik in northern Norway for shipping to foreign markets. When dealing
with contaminated greases, the sampling is as important as in the case of oil. It is as
important and maybe as hard to obtain a representative sample from grease-lubricated
systems as from oil systems.

5.1 Iron content
The iron content of a grease sample taken during the field test was measured. If this
sample is representative of the system, its iron content should match the measured
wear volume. In Figure 14 the iron content after 57,000 km is plotted versus the
bearing wear (WEAR).
0.25
Z
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'

r2 0.15
0.1

8 0.05
0

270 320 370 420 470 520 570

WEAR
Figure 14 Iron content versus WEAR.

An increasing iron content with increasing wear is expected, because an increasing
wear produces iron particles. The correlation coefficient between the iron content and
WEAR equals 0.0055, indicating a weak relationship between the variables, and the
R-Squared statistics indicate that the model as fitted explains 0.3 % of the variability
in the iron content. This leads to the conclusion that it is not possible to predict the
iron content from the wear or vice versa. This is very interesting, because the iron
content in the grease should be about the same as the wear volume; hence there
should be some correlation between these parameters. The lack of correlation can be
explained by looking at the wear of the bearings and the method used to determine the
iron content. The wear, e.g. from initial contamination and fatigue, produces wear
particles. The wear particles have some size distribution, containing both bigger and
smaller particles. When the atomic absorption spectrometer (AAS) is used to quantify
the iron content in the grease, it will not detect particles larger than 5 pm. This can
explain the lack of correlation between the wear and the iron content.

5.2 Predictions using the high frequency friction machine
In the hope of being able to predict the wear of a real component in the field, the high
frequency friction machine was used. After running this machine, the wear rate K
could be calculated and compared with the iron content from the field measurements.
By using the PQ-apparatus instead of the AAS the problem with particle detection
would be solved. In Figure 15 below the wear rate K versus the particle ranking
number 3,PQ can be seen.
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Figure 15. Wear rate K versus particle ranking number APQ.
In Figure 15, the wear rate K is plotted against APQ. The R-squared statistics indicate
that the model as fitted explains only 14% of the variability in the wear rate.
However, increasing APQ will increase the wear rate K, which indicates that high
frequency friction machines at least to some degree are useful for predicting the wear
in these conditions.

6 Rheological properties of contaminated oil
All lubricating oils are in practice more or less contaminated. In order to make it
possible to investigate the contamination's influence on the performance of machine
elements, it is essential to increase the knowledge of basic rheological properties, for
example viscosity and lubricant shear stress.
An important factor, concerning wear in machine elements, is how much shear force,
T, an oil can sustain. The limiting shear stress, 'Eh, depends on the applied pressure p,
thus
= To

(2)

+1,r)

where y is a property of the lubricant and to is the shear stress at atmospheric pressure.
Measurement results from the impacting ball apparatus concerning artificial particles
mixed in oil can be seen in Figure 16. Figure 16 shows the dependence of high
concentrations of iron oxide particles on the y-value. It is seen that the y values are
constant from 0-10 g/litre and then increase with increasing concentrations up to 2
kg/litre, while higher concentrations lead to decreasing y values
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Figure 16. rvalue versus iron oxide concentration.
The contamination's influence on the viscosity is very dependent on the measuring
method. In the falling ball viscometer (Figure 17a) the contaminants will sediment at
the side and bottom of the inclined tube, giving an increased resistance between the
falling ball and the wall. Thus the falling ball apparatus will report an increased
viscosity, because of its dependence on the contamination degree and particle density.
If a rotational viscometer (Figure 17b) is used, the particles will settle at the bottom of
the outer cylinder and the viscosity will be independent of the contamination degree
and density of the particles.
Ball

Inner cylinder
Particle
settlement
Outer cylinder
Particle
lement
b)

a)

Figure 17. a) Falling ball viscometer b) rotational viscometer.
The contamination can also influence the shear rate/shear stress. If the oil is very
contaminated, concentrations above 0.5 kg/litre, the oil begins to show pseudoplastic
behaviour, i.e. an increasing shear rate leads to a power law increase in the shear
stress. For lower concentrations, beneath 0.5 kg/litre, the behaviour will be almost
Newtonian.

7 Concluding remarks
This thesis comprises five papers concerning the influence of contaminated oil on
sample withdrawal and the rheological properties of the contaminated oil, together
with some analysis of the working principles of measurement methods and their
possible influence on the measurements. The work started with Paper A, "Grease-
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lubrication of roller bearings in railway waggons. Part 2: Laboratory tests and
selection of proper test methods", where an investigation was conducted to determine
the best grease for spherical roller bearings in railway waggon wheels and increase
the knowledge of grease lubrication, and where a comprehensive field test was carried
out. Nine different fully formulated commercial greases were examined in the wheel
bearings of five ore waggons. These waggons were used for transporting ore
commercially by railway from the Kiruna Mine in northern Sweden to Narvik in
northern Norway, for shipping to foreign markets. An important part of this
investigation was to measure the iron content in the greases, sampled from the
bearings, using an atomic absorption spectrometer and to correlate the iron content
with the wear of the bearings.
The conclusions that were drawn were that it is not possible to predict the iron content
from the wear or vice versa. This is very interesting, because the iron content in the
grease should be about the same as the wear volume; hence there should be some
correlation between these parameters. The lack of correlation can be explained by
looking at the wear of the bearings and the method used to determine the iron content.
The wear, e.g. from initial contamination in the grease and fatigue, produces wear
particles. The wear particles have some size distribution, containing both bigger and
smaller particles. When the atomic absorption spectrometer is used to quantify the
iron content in the grease, it will not detect particles larger than 5 gm. This can
explain the lack of correlation between the wear and the iron content. The conclusion
is that the atomic absorption spectrometer, in this case, can only give qualitative
results and should be used for follow-up checks and monitoring trends.
In Paper B, "Handbook of grease applications", the process of finding the ultimate
grease is described using an example from railway applications. This example
includes steps such as a requirement list, field tests, laboratory tests and an evaluation
method. The example deals with the problems discovered in a field test performed to
determine the best grease for tapered roller bearings in railway waggon wheels and to
increase the knowledge of grease lubrication. Seven different fully formulated
commercial greases were examined in the wheel bearings of one ore waggon, used for
transporting ore commercially by railway from the Kiruna Mine in northern Sweden
to Narvik in northern Norway for shipping to foreign markets. Statistical methods
were used to investigate relevant test methods. As a part of this research, the wear of
the ends of the rollers and each inner and outer ring of each bearing was estimated
with the use of PQ measurements after the end of the field test. A deeper analysis of
the properties of the PQ-apparatus was performed, and a comparison with the AAS
was included.
The atomic absorption spectrometer (AAS) described in Lundberg (2000, b) only
detected small particles of about 5 gm. There are many situations where the wear of a
machine element produces particles larger than 5 gm and in those cases the AAS is
not recommended. A solution to this problem would be to filter the oil or grease
(prepared) and then examine it with a microscope, or use an automatic particle
counter and actually count the particles in the oil. Filtering the oil/grease and
examining it with a microscope, however, constitute a method that is time-consuming
and expensive. The automatic particle counter is a relatively inexpensive method, but
if the oil/grease is heavily contaminated, the samples must be diluted, which makes
the measurements slightly unreliable. By using the PQ, which can detect the whole
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range from small to large particles and can handle very contaminated samples, time
and money can be saved. Yet another advantage of this method compared with the
atomic absorption spectrometer is that the PQ meter does not measure iron oxide. This
will give a more accurate measurement of the amount of iron particles causing wear in
the bearings.
In Paper C, "Rheological properties of contaminated oil", three different kinds of
contamination, iron powder, ACFTD (silicon particles) and electronic oxide (iron
oxide powder), have been mixed with transmission oil. The viscosity of the
contaminated oil has been tested with two different methods, the rotational viscometer
and the falling ball viscometer. Furthermore, the influence of the contamination on the
lubricant shear strength has been examined. It was found that the viscosity's
dependence of the contamination is to a great extent a function of the test apparatus
and that a very high amount of contamination is needed to influence the shear strength
constant y.
In Paper D, "A study of sample withdrawal for lubricated systems. Part 1: Influence of
flow characteristics, sampling techniques and locations", a survey of where and how
to take a representative sample is performed using Stokes' law and the migration of
spheres in a channel. A generalised sedimentation chart for different oils and particles
is introduced. Sampling routines for proper sample withdrawal are also presented.
From this survey the following conclusions were drawn: sampling should be
performed in a turbulent area, for example after a bend, and measurement couplings
should be flushed for a long time. Another conclusion was that the errors of on-line
sampling are, in most cases, less than those of bottle sampling, but one should be
wary of problems with the fluid, such as air and water in the oil, precipitation,
excessively viscous oil or excessively contaminated oil. These problems can ruin the
advantages of on-line sampling measurements.
In the follow-up Paper E, "A study of sample withdrawal for lubricated systems. Part
2: Practical sample withdrawal and selection of proper sampling methods", the aim
of the research presented was to use some of the sampling techniques and sampling
routines mentioned in Part I, to perform practical tests to determine their differences
in withdrawing samples. This was accomplished by using two different types of
systems, a hydraulic system and a gear system, together with some of the investigated
sampling techniques. hi order to find out the optimum sampling method for each of
the two systems, a specification of requirements and a systematic approach were used,
together with practical sample withdrawal from the two systems. For the hydraulic
system, an on-line particle counter and bottle samples from valves were used, and for
the gear system, drain-plug and vacuum pump sampling was applied.
It was found that in hydraulic systems on-line sampling is preferable, unless
information on the different elements in the oil is required, in which case a bottle
sample from a valve should be taken. Furthermore, the flushing of valves decreases
the measured contamination degree in hydraulic systems and is a necessity if
representative values of the system's contamination degree are to be obtained.
Another finding was that bottle sampling from a gear system, with a vacuum pump or
from the drain-plug, is equally good if the system is dirty, and that the time taken to
reach the measurement point is not a critical factor using the investigated sampling
methods. For dirty systems above an ISO 22/19, 21/18, the sampling techniques are
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equally good. For clean systems below an ISO 13, the sampling and measurements
are of the utmost importance.
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Grease-lubrication of roller bearings in railway waggons;
Part 2: Laboratory tests and selection of proper test
methods
Jan Lundberg and Sven Berg
Division of Machine Elements, Luleå University of Technology, SE -97187 Luleå (Sweden)

Abstract
New, undestroyed greases of the same brands as those used in a field test, described in Part 1,
were examined using conventional methods, such as the SKF V2F test, the roll stability test
(ASTM D-1831), the Grease Worker (ASTM D-217), the torque test (ASTM 1478-91),
bleeding measurements (IP 121), yield stress measurements, the 4-ball test (ASTM D 226686), base oil viscosity measurements, thickener content and the cone penetration test (ASTM
D217-88). The greases have also been tested with several new test methods developed at the
University, such as limiting shear stress measurements, creep measurements, the ball-disc
apparatus and friction measurements. By means of correlating the results from the laboratory
tests with the field tests, a specification for relevant testing methods was drawn up and the
connections between the tested parameters were investigated. It was found that the
mechanical stability could be predicted with a combination of ASTM D-1831 and the limiting
shear stress coefficient y. This coefficient is also capable of predicting wear. It was also found
that the bearing temperature could be predicted by using the base oil viscosity.

1 Introduction
In order to determine the best grease for spherical roller bearings in railway waggon wheels
and increase the knowledge of grease lubrication, a comprehensive field test was carried out.
Nine different fully-formulated commercial greases were examined in the wheel bearings of
five ore waggons, used for transporting ore commercially by railway from the Kiruna Mine in
northern Sweden to Narvik in northern Norway for shipping to foreign markets. The test ore
waggons travelled a distance of about 300,000 km during a period of 3 years. Small samples
of the greases were taken, on eight different occasions, for consistency testing. The bearing
temperature was continuously measured with a temperature logger. After the end of the test
period, the wear and electrical damage, as well as the rust on the bearings, were also studied.
In order to find out the optimum grease for this application, a specification of requirements
was drawn up. The field test is fully described in Part 1 (Lundberg, 2000).
The development of an evaluation method that could be applied to greases in actual service
was attempted using a systematic approach. The greases were evaluated as to their
performance in the field test on the basis of the weighted requirements. The relevance of the
requirements in predicting the actual performance was used to establish a weighting system
for each requirement, to determine an overall performance number that was used for rational
selection of the optimal grease. The development of the evaluation method is described in Part
1 (Lundberg, 2000). In the present part, a selection of laboratory tests is correlated with
results from the field test and thus a specification is set up, including relevant test methods.
These test methods are capable of predicting the most important aspects of the field test.
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2 Laboratory tests and correlations with the field test
In the field test, the following properties were measured:
• Mechanical stability of the greases
• Bearing wear
• Rust in the bearings
• Temperature in the bearings
The aim of the present paper is to find laboratory methods, which are capable of predicting
the properties, measured in the field test. In Table I, a survey of all the laboratory methods
and the measurements from the field test used in the present investigation are presented.
Table I Survey of laboratory methods terformed
Name, standard
Description
Label Unit
CEY

MPa

Shear stress criteria

CEY%

%

Mechanical stability

M-20

Nm

Friction torque

SM-30

Nm

Starting friction torque,
ASTM 1478-80

DM-30

Nm

1'

1

Friction torque, ASTM
1478-80
y-value

Bleed

%

Bleeding, IP 121

SCEY
CEY
START
W-Temp

MPa
MPa

Final shear stress
Initial shear stress

°C

S-Temp

°C

4-ball

mm

Winter bearing
temperature
Summer bearing
temperature
4-ball test, ASTM D
2266-86

v 20
v
Roller

cSt
cSt
Penetration
1/10 timi

Work
V2F

Penetration
1/10 mm
Pa

Base oil viscosity
Base oil viscosity
Roll Stability Tests,
ASTM D-1831,
Modified
Grease Worker, ASTM
D-217
SKF V2F

RUST

%

Rust area

Shear stress measurements with a conical viscometer at a
specified shear velocity.
CEY value of new, undestroyed grease divided by the last
CEY measurement from the field test.
A test bearing, packed with grease, loaded with 12 kN,
rotating at 100 rpm. Measurement of the friction torque at 20°C.
A ball bearing, packed with grease, is rotated at 1 rpm, while
the restraining starting torque on the outer ring is determined.
Temperature —30°C.
Same as above, but the restraining torque after 60 min of
rotation is reported.
Equipment called the jumping ball apparatus, which
measures the friction coefficient between a bouncing ball and
flat surface. EHD conditions.
A cylindrical column of grease resting on a metal gauze cone
is subjected to a fixed pressure in excess of the hydrostatic
pressure of the grease. The quantity of oil separated through
the gauze after standing for 42 hours at 40°C is reported.
CEY value at the end of the field test.
CEY value of new, undestroyed grease.
Average temperature difference between the outer ring of the
bearing and the outdoor air in the winter time
Average temperature difference between the outer ring of
bearing and the outdoor air in the summer time.
A steel ball is rotated under a load against three stationary
steel balls with grease-lubricated surfaces. The diameters of
the wear scars on the stationary balls are reported.
Kinematic viscosity at 20°C.
Kinematic viscosity at 40°C.
A small sample of grease is worked for 50 hin the roll
stability test apparatus at 80 °C. A small sample of grease is
milled in a cylindrical chamber by a heavy roller.
Penetration difference at 60- 100,000 double strokes in
worked penetration equipment.
CEY-values for greases which have been tested in an
unloaded waggon bearing box at 500 rpm. The box has been
struck with a hammer with one strike each second, giving an
acceleration of 12-15g.
Bearing rust between the outer bearing rings and the boxes at
the end of field test. Rust area percentage of the total outer
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WEAR
IRON
Wt
Creep

F

Grade
number
%
%

Microscopic analysis

mm/s

Iron content
Thickener content
Creep velocity

1

Friction factor

ring area is reported.
Wear of the inner and outer ring of the bearings, due to
distress, galling and fretting.
Atomic absorption spectrometer.
Thickener content expressed in volume percent.
Creep velocity is defined as the velocity of a mass of grease
when it is subjected to vibrational and gravitational forces.
The method developed to assess this measured the time taken
for the grease, subjected to low frequency vibrations, to
creep, under the influence of gravity, a specified distance
down a cylindrical tube.
Equipment called the flywheel apparatus. A flywheel with
one grease-lubricated ball bearing, rotated by hand up to 150
rpm at room temperature. Due to internal friction, the angular
speed will decrease. The time between 125.6 and 112.5 rpm
is reported.

2.1 Mechanical stability of the greases
The mechanical stability of greases has been studied by several authors, for instance Batts and
Wentzler (1981) who investigated the influence of the thickener type on mechanical stability
with the use of roll stability test equipment. They have found that calcium greases have low
mechanical stability, which is in agreement with the present investigation. On the other hand,
they have also found that lithium-complex grease has quite a low mechanical stability, which
is not the case in the present study.
In the present study three testing methods: the ASTM Grease Worker (1991), the ASTM roll
stability test (1991) and the commonly used SKF V2F method-were used to study new,
undestroyed greases. Moreover the influence of the thickener content on mechanical stability
was studied. The results were correlated with the percentage CEY values of greases from the
field tests performed after the end of the field test for each grease (60,000- 319,000) km of
service -SCEY%.
The percentage CEY values (CEY%) are the average values for 4 samples (one for each box)
and are defined as
CEY% =

SCEY
100
CEYSTART

(1)

where SCEY is the actual CEY value (Hamnelid, 1990) at the end of the field test and
CEYSTART is the CEY value for new, undestroyed greases. From Part 1, it is seen that the
main mechanical degradation occurs within the first 25,000 km. After that, the consistency is
mainly constant for most of the greases during the whole field test.
The results from the ASTM Grease Worker measurements are presented in Figure 1, which
shows the actual consistency (CEY% values) after the end of the field test as a function of the
cone penetration in tenths of a mm of new, undestroyed greases. It can be seen from Figure 1
that the correlation is poor. The R-Squared statistics indicate that the model as fitted explains
only 0.3% of the variability in CEY%, which leads to the conclusion that the Grease Worker
is not capable of predicting the mechanical stability of greases in real service. The reason
must be that the test conditions in a Grease Worker are very far from the real conditions in a
wheel bearing of an ore wagon.
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Grease Worker (1/10 mm)
Figure 1 Mechanical stability CEY% versus Grease Worker
The results from the SKF V2F measurements are presented in Figure 2, which shows the
actual consistency (CEY% values) after the end of the field test as a function of the CEY
values of greases which have been tested with the SKF V2F method (V2F (Pa)). The normal
procedure in the SKF V2F method is to pass (P) or not pass (U) the greases, depending on the
weight of the grease leakage from the test rig. In order to achieve more useful correlation
curves, the CEY values of the greases between the bearings in the test equipment, after the
test had been performed, were measured as described above (CEY values). The V2F method
is time-consuming and expensive, which explains the low number of experimental points.
From Figure 2 it is obvious that V2F has a tendency to predict the mechanical stability in the
wrong direction. Greases that gave high CEY values in the V2F test had shown low
mechanical stability (low CEY%) in the field test. One possible cause of the poor correlation
between the V2F results and real service is the difference in temperature. In the field tests,
performed at relatively low surrounding temperatures (typically about 0°C), bearing
temperatures of about 40°C are measured, which should be compared with a typical V2F
temperature of about 70°C.
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Figure 2 Mechanical stability CEY% versus V2F
The results from the ASTM roll stability test measurements are presented in Figure 3, which
shows the actual consistency (CEY% values) after the end of the field test as a function of the
penetration values of greases which have been tested in the roll stability test equipment.
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Figure 3 Mechanical stability CEY% versus Roll Stability Test

From Figure 3 it can be seen that the correlation is considerably better than that for the Grease
Worker and V2F, and the r-squared statistics indicate that the model as fitted explains 46% of
the variability in CEY%. Summing up these three methods, it can be concluded that the
correlation between the test results from the Grease Worker and from V2F and the real results
from the field test is only fair, because of a the lack of similarity between the test condition
and the real field conditions. The roll stability test shows an acceptable agreement with the
field test. However, in this case it can also be concluded that a more accurate method is most
greatly needed.
In order to solve the problem of predicting the mechanical stability of greases, a process of
finding alternative methods has been initiated. Many different test parameters from new,
undestroyed greases have been investigated and correlated with results from real field tests.
Some of the most important parameters investigated have been torque, bleeding, creep, the
NLGI-number, viscosity, the limiting shear strength-pressure coefficient y and the thickener
content Wt. The experimental equipment that has been used is described by Östensen et al.
(1995), concerning torque measurements, and by Lundberg and Macfadden (1996),
concerning creep measurements. Only viscosity, the limiting shear strength-pressure
coefficient y and the thickener content Wt correlate acceptably with the field tests. The y value
can be measured in several ways, one of the first being the method devised by Johnson and
Tevaarwert (1977). At Luleå University of Technology, an extraordinary method for
measuring y has been developed by Jacobson (1970). Measurements on Jacobson's apparatus
have been performed by Höglund (1989). This method was used in the present investigation.
In short, the method involves the use of a grease-lubricated sintered-carbide surface and an
impacting steel ball. An image-processing system is used to examine the ball trajectory after
impact and to calculate the limiting shear strength-pressure coefficient y of the lubricant.
Several authors have tried to describe the connection between the shear stress rate and the
shear strain rate. A condensed version of the different theories can be found in the book by
Hamrock (1991). One important factor in these theories is the limiting shear stress ti. that a
lubricant can sustain. If this stress is exceeded in the contact, slippage will occur. The limiting
shear stress, TL, depends on the applied pressure p, thus
tL = To +7.P

(2)

where y is a property of the lubricant and To is the shear stress at atmospheric pressure. It is
important to note that expression (2) is only valid during EHD conditions, which is the case in
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all roller bearing applications. One suggestion for solving the problem is to introduce a
multiple linear regression model to describe the relationship between CEY% and the
following variables: the roll stability test value and the gamma-value (y) at 20°C.
CEY%=223.5-0.744.Roller —2797.y

(3)

where the units used are:
Roller = Roll stability test vaue (1/10 mm)
(dimensionless)
Equation (3) is, together with the observed values of CEY%, presented in Figure 4. The RSquared statistics indicate that the model as fitted explains 84% of the variability in CEY%.
The standard error of the estimate shows the standard deviation of the residuals to be 9.7. This
value can be used to construct prediction limits for new observations. The mean absolute error
of 7.6 is the average value of the residuals. The Durbin-Watson (DW) statistics test the
residuals to determine if there is any significant correlation based on the order in which they
occur in the data file. Since the DW value is less than 1.4, there may be some indication of
serial correlation. However, a plot with the residuals versus row shows that this serial
correlation is acceptably weak. The highest P-value is less than 0.01,and the highest order
term is statistically significant at the 99% confidence level. This means that both parameters
are relevant. The reason for the high degree of correlation is that both of the parameters Roller
and y have a clear influence on the mechanical stability and are almost independent of each
other. Decreased y will increase the mechanical stability, probably because of decreased shear
stresses. It is interesting to note that the base oil viscosity v has an influence on y and that the
thickener content Wt exerts an influence on y. Increased viscosity and increased thickener
content will decrease y. Therefore, equation (3) has also been statistically tested with y
replaced by Wt and v. For these cases, the R-squared statistics indicate that the models as
fitted explain 60% and 66%, respectively.
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Figure 4 Mechanical stability CEY% versus Equation (2)
The conclusion is that the roll stability test, together with y and the use of equation (3), is
suggested for predicting mechanical stability in service.
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2.2 Bearing wear
All the 126 bearings were examined to determine the amount of wear, by using optical
microscopy. A grade system has been introduced Part 1, (Lundberg, 2000). This system
grades the bearings from 1 to 5 (1= almost like a new bearing and 5=the bearing should be
rejected). All the grade numbers have been linearly corrected according to the actual travelled
distance for each grease, which means that one of the greases received a grade number greater
than 5, see Part 1. A relation between y and the wear was very much expected, since high y
values lead to high shear stresses on the bearing surfaces, thus increasing the risk of wear. It is
also natural to expect that increasing the viscosity will decrease the wear, since the lubricating
film is dependent on the viscosity. In Figure 5, the wear is plotted against the y-value. The Rsquared statistics indicate that the model as fitted explains 41% of the variability in the wear.
Since the P-value is less than 0.1, that term is statistically significant at the 90% confidence
level.
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Figure 5 WEAR versus y-value
In Figure 6, the wear is presented versus the viscosity v. The model as fitted explains only
12% of the variability in the wear.
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Figure 6 WEAR versus viscosity v
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In Figure 7, the wear is shown as a function of the soap content Wt. The model as fitted
explains only 19% of the variability in the wear. Since y, v and Wt are dependent on each
other, it is not statistically correct to suggest a formula containing these parameters. Thus it
can be concluded that the 7-value should be recommended for predicting wear.
cz,•5• 7
s-5.2
4.7
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Figure 7 WEAR versus thickener content Wt

2.3 Bearing rust
The degree of rust in the bearings was investigated in Part 1. Several attempts were performed
to predict the rust, but no correlation was found between the observed rust and the
investigated parameters: CEY%, y, Bleed, SCEY, CEYSTART, v, Roller, WEAR, Wt and
Creep. See Table 1. Survey of laboratory methods performed.

2.4 Bearing temperature
Temperature measurements on the outer bearing rings were performed on 16 occasions within
the field tests. It is natural to expect that the base oil viscosity will have an influence on the
bearing temperatures. In Figure 8 and 9, the average temperature difference between the
bearings and the outdoor air during winter and summer, respectively, are plotted as a function
of the base oil viscosity v.
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Figure 8 Bearing temperature W-Temp versus viscosity v
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Figure 9 Bearing temperature S-Temp versus viscosity v
It is seen that increasing viscosity will increase the bearing temperature, due to the internal
friction. The R-squared statistics indicate that the model as fitted explains 85% (winter) and
80 % (summer) of the variability in temperature. The equations of the fitted models are
W-Temp = 31.2 + 0.075.v

(4)

S-Temp = 11 + 0.038.v

(5)

However, it is also of interest to investigate the influence of the thickener. Therefore, a special
bearing friction meter was developed. The equipment is called the flywheel-apparatus and
mainly consists of a 16 kg flywheel with one grease-lubricated ball bearing with an outer
diameter of35 mm. The flywheel is rotated by hand up to approximately 150 rpm at room
temperature. Due to internal friction, the angular speed will decrease. The time between 125.6
and 112.5 rpm is reported. This value is divided by the corresponding time for a calibrating
oil. Thus a friction number F, was obtained, defined as
(6)

F=Time for grease/Time for calibrating oil.

This factor will consider both base the oil and the thickener. In Figure 10, the average
temperature difference during winter, between the bearings and the outdoor air, is shown
versus the friction factor F. It is seen that the R-squared statistics indicate that the model as
fitted explains 85% of the variability in temperature. It is interesting that, in spite of the big
differences between the bearing size in the friction meter and the size of the real bearings, the
correlation is still suprisingly good. The overall conclusion is that the kinematic viscosity v
should be suggested for predicting the bearing temperature.
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Figure 10 Bearing temperature W-Temp versus Friction factor F

2.5 Additional laboratory tests

Friction torque M-20 (Nm)

The starting torque of the waggons is of interest during wintertime, since low outdoor
temperatures in combination with excessively stiff greases can eventually cause wear of the
waggon wheels and the rail. A test rig (Östensson et al., 1995), here called the M-20, mainly
consisting of a test bearing, with a brass cage, an inner diameter of 120 mm, an outer diameter
of 180 mm and a width of 28 mm, is mounted at the end of a shaft which is driven by an ACmotor. The bearing is loaded with a radial force of 12 kN, by means of a hydraulic lift jack
and a hydrostatic bearing. The test bearing is inside an insulating housing. The test
temperature was held at -20°C. The friction torque in the bearing was measured using a lever
and a plate with strain gauges. The shaft speed was 100 rpm. The test procedure is timeconsuming, and therefore a more easy alternative, the DM-30 friction torque test ( ASTM
1478-80), was also performed. This method involves an open ball bearing packed completely
full of the test grease and cleaned off flush with the sides. The bearing remains stationary
while the ambient temperature is lowered to -30°C and held there for 2 h. At the end of this
time the inner ring of the ball bearing is rotated at 1 rpm, while the restraining force on the
outer ring is determined. The restraining force is proportional to the torque. Both the starting
torque (SM-30) and the torque after 60 min of rotation (DM-30) are determined. Correlations
between M-20 and DM-30 are presented in Figure 11. The R-Squared statistics indicate that
the model as fitted explains 40% of the variability in M-20. The correlation coefficient equals
0.631323, indicating a moderately strong relationship between the variables.

40
30
20
10
1
0
0

30

60

90

120

150

Friction torque DM-30 (Nm)
Figure 11 Friction torque M-20 versus friction torque DM-30
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It must be pointed out that no field tests have been performed to measure the real torque, but
the DM-30 method is much more easy to handle than the M-20 method.

3 Laboratory test specification
The following methods are suggested for predicting mechanical stability, wear and bearing
temperatures, see Table II. Relevant laboratory test methods
Table II. Relevant laboratory test methods
Property
Test method performed on new greases
Mechanical
1) From grease supplier, result: roll stability test value (1/10 mm)
stability CEY%
2) Measure y-value at room temperature with jumping-ball apparatus.
3) Predict CEY% with the following equation:
CEY%=223.5-0.744•Ro11-2797-y
Bearing wear
1) Measure 'y-value at room temperature with Jumping-Ball apparatus.
WEAR
2) Predict WEAR with the following equation:
WEAR=-1.20+110.53.y
Bearing
1) From grease supplier, result: base oil viscosity V.
temperature
2) Use eq. (4) for estimating temperatures during winter and eq. (5) for
estimating temperatures during summer. Do not forget to add the
outdoor temperature.

4 Influence of iron particle contamination
Contaminants in the lubricant are often the reason for premature failure of roller bearings.
When the particles are harder than the bearing material they will cause indents and abrasive
wear. This will of course reduce the bearing life. The main problem when calculating the
bearing life is that the theory only takes into account the ability to withstand smooth rolling
contact fatigue, and does not incorporate the influence of contaminants. The bearing life
theory used today is mainly a modification of the theory for bearing life presented in the late
forties; in the middle of the 1980a a new bearing life theory was presented (Ioannides et al.,
1990). A parameter called the fatigue limit, a, introduced by the new bearing life theory, was
used to explain the change of the Weibull slope for different contamination conditions
(Ioannides and Harris, 1985). No quantification has been made of the problem of the
reduction of bearing life caused by contaminated lubricants. Studies of the effect of particle
contamination on rolling surface contacts have been performed by Chao et al. (1996) who
found that the L10 life decreases sharply with an increase in the particle hardness, in the region
where the hardness of the solid particle is less than that of the rolling surface. Their results
suggest that ceramic particles with a high degree of hardness and a low degree of toughness
induce most damage in rolling contacts. A theoretical study of the effect of particulate
contamination on scuffing of bearing surfaces has been conducted by Khonsari and Wang
(1990). They found that the size of the particle, the hardness of the overlayer and the
penetration depth play an important roll in scuffing. The critical particle size beyond which
scuffing is likely to occur varies with the sliding speed. Hynnica and Williams (1992) have
made an experimental study of abrasive wear in lubricated contacts. Their results indicate
that, when the particle size to film thickness ratio is varied, not only do the wear rates of the
solid surfaces change, but also the mechanism of material loss. Ebert and Poulin (1995) have
outlined a method to define cleanliness with the help of a cleanliness factor and a
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contamination factor. These factors can then be entered into a bearing life calculation method
to quantity the effect of system cleanliness/contamination on the attainable life.
In the present investigation, the iron particle content in percent has been studied with the
atomic absorption spectrometer, on two occasions: at a travelled distance of 25,000 km and at
57,000 km. Two boxes for each grease have been investigated. The accuracy is 0.001%. See
Table III. Iron content. The atomic absorption spectrometer has for nearly a century been the
most widely used method for determination of single elements in analytical samples. The
main components in an atomic absorption spectrometer are a radiation source, a sample
holder, a wavelength selector, a detector, and a signal processor and readout. The procedure in
short is as follows. A small sample of the grease is nebulized by a flow of gaseous oxidant,
mixed with a gaseous fuel and carried into the flame where atomization occurs (flame
atomization). The atoms are now capable of absorbing radiation. A cathode lamp that emits
high intensity light with the exact energy that is demanded to excite the particular element in
question. The element identification is based on the absorption spectra of the atomised
sample. The absorption can then be related to the concentration of, in this case, the iron
content in the grease (Douglas et al., 1998). The problem with this method, when quantifying
the content in a sample, is that it cannot detect particle sizes larger than 5 gm, due to the
sample supply system and the flame temperature. This is just one of many methods that can
be used to identify contaminants in lubricating grease. Andersson (1999) has carried out a
short review of other available methods, where he brings up X-ray fluorescence, optical
emission spectroscopy and some microscopy methods.
Table III Iron content IRON
Grease

Iron content % at 25,000 km

Iron content % at 57,000 km

A
A

0.06
0.03
0.03
0.05
0.03
0.03
0.12
0.04
0.04
0.04
0.08
0.10
0.03
0.03
0.04
0.10

0.09
0.04
0.08
0.10
0.13
0.08
0.17
0.18
0.12
0.07
0.15
0.25
0.07
0.12
0.13
0.16

B
B
C
C
D
D
E
E

F
F
G
G
H
H

Table III shows that the iron content increases when the travelled distance increases. The iron
content after 57,000 km is plotted versus the bearing wear (WEAR )after the end of the field
test in Figure 12.
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Figure 12 Iron content versus WEAR
In Figure 12 the iron content after 57,000 km is plotted versus the bearing wear (WEAR). One
would expect an increasing iron content with increasing wear, because an increasing wear
produces iron particles. The correlation coefficient between the iron content and WEAR
equals 0.0055, indicating a weak relationship between the variables, and the R-Squared
statistics indicate that the model as fitted explains 0.3 % of the variability in the iron content.
This leads to the conclusion that one cannot predict the iron content from the wear or vice
versa. This is very interesting, because the iron content in the grease should be about the same
as the wear volume; hence there should be some correlation between these parameters. The
lack of correlation can be explained by looking at the wear of the bearings and the method
used to determine the iron content. The wear, e.g. from initial contamination and fatigue,
produces wear particles. The wear particles have some size distribution, containing both
bigger and smaller particles. When the atomic absorption spectrometer is used to quantify the
iron content in the grease it will not detect particles larger than 5 gm. This can explain the
lack of correlation between the wear and the iron content. The conclusion is that the atomic
absorption spectrometer, in this case, can only give qualitative results and should be used for
follow-ups and trends.

Conclusions
It was found that:
• The standard ASTM method, the "Grease Worker", is not capable of predicting the
mechanical stability of greases in real service.
• The SKF V2F method is not capable of predicting the mechanical stability of greases in
real service.
• A combination of the roll stability test and the jumping ball apparatus ('y) is suggested for
prediction of the mechanical stability in real service.
• The jumping ball apparatus (y) is suggested for prediction of the bearing wear in real
service.
• The base oil viscosity is suitable for predicting the bearing temperature in real service.
• The atomic absorption spectrometer is not capable of predicting bearing wear in real
service.
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Abstract
The process of finding the ultimate grease is described in this report using an example from
railway applications. This example includes steps such as a requirement list, field tests,
laboratory tests and an evaluation method. The example deals with the problems discovered in
a field test performed to determine the best grease for tapered roller bearings in railway
waggon wheels and to increase the knowledge of grease lubrication. Seven different fully
formulated commercial greases were examined in the wheel bearings of one ore waggon, used
for transporting ore commercially by railway from the Kiruna Mine in northern Sweden to
Narvik in northern Norway for shipping to foreign markets. The test ore waggon travelled a
distance of about 130,000 km during a period of 16 months. Small samples of the greases
were taken, at the end of the field test, for consistency testing. After the end of the test period,
the content of iron particles in the greases, the electrical damage, and the rust on the bearings
were also studied. In order to find out the optimum grease for this application, a specification
of requirements was drawn up. The development of an evaluation method that could be
applied to greases in actual service was attempted using a systematic approach. The greases
were evaluated as to their performance in the field and in laboratory tests on the basis of the
weighted requirements. The relevance of the requirements in predicting the actual
performance was used to establish a weighting system for each requirement, to develop an
overall merit number that was used for rational selection of the optimal grease. Correlations
between field tests and laboratory tests were performed, and thus a selection of relevant
laboratory test methods was recommended. The relevance of the shear strength of the greases
to the prediction of the mechanical stability was also tested. In this connection an advanced
method for measuring the shear strength of lubricants was applied at the University. The shear
stress TL, depends on the applied pressure p, and thus TL, = to + yp, where To is the shear stress
at atmospheric pressure. It was found that y correlates well with the amount of wear particles
in service. Increased y values lead to an increase in wear particles. One reasonable explanation
is that high y values correspond to high shear stresses on the bearing surfaces, and thus severe
conditions for the bearing material. Furthermore, no correlation was found between the
mechanical stability and the thickener content, and it was found that the conditions for the
grease are tougher in tapered bearing units (TBU) compared with spherical ball bearings,
concerning mechanical stability. The steps performed in this study are recommended in all
problems associated with finding the optimal grease for different types of applications.
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1. Introduction
The aim of this handbook is to provide information on how to plan and perform the difficult
task of selecting the best grease for a certain application and to increase the knowledge of
grease lubrication at the same time. In order to solve this problem a suitable example of a
grease application has been selected. By following the procedure in this example, the reader
will obtain suitable hints which can be of great importance for many other applications.
The handbook is based on the results of a research project that has studied grease in the
bearing boxes of ore waggons carrying iron ore from Kiruna in Sweden to Narvik in Norway.
Iron ore has been mined at the Kiruna Mine in northern Sweden for over 100 years. The ore
is transported by railway to Narvik in northern Norway, for shipping to foreign markets and to
Luleå, Sweden for smelting. The year-round operation requires the railway company to
operate during periods of very low temperature (-40°C) and through mountainous terrain. The
temperature in summer is typically 15°C. Earlier, when spherical roller bearings were used,
bearing failures on the ore waggons were costly and in some cases catastrophic. It has been
determined that one of the primary causes of the bearing failures was lubrication starvation
leading to the seizure of the bearings. The reason for the starvation was a combination of the
limited performance of the seals in the bearing boxes and the bad mechanical stability of the
regular grease. The problem of bearing failures started when leaded grease was forbidden, due
to environmental laws, and therefore was replaced with unleaded grease. Grease with lead
seems to be capable of lubricating even if starvation occurs. The experience gained from
using unsuitable seals and greases with bad mechanical stability resulted in the conclusion
that mechanical stability is of central importance when selecting the optimal grease.
Selecting the proper grease for a certain application is a difficult task with many factors to
take into consideration. Finding the best grease, which certainly can be achieved in a field
test, is, however, not enough, since increasing environmental demands can make the choice of
grease useless in the future. Field tests are also very costly and time-consuming. Therefore, it
is very important to specify relevant laboratory test methods that can accurately predict the
results from field tests. However, without any field test to compare with, it is impossible to
specify the relevant test methods for the laboratory.

2. Selection of suitable grease candidates
Due to the financial framework of the project, the total number of test greases was set to
seven. The greases must be suitable for the actual railway application, only a limited risk of
bearing failure could be accepted, and at the same time the greases were to represent a wide
spectrum of viscosity, since this is a fundamental lubricating factor.
Today, about 1,000 greases are available on the market, and the most common grease types
are based on naphthenic mineral oil and Li-12-0H thickener. There is a more advanced grease
type, composed of polyalphaolefin (PAO) and lithium complex thickener, and most of the
greases in the present study are of this type. The following rules were drawn up for the grease
candidates according to earlier results (Lundberg, 2000, a). The greases must:
•
•
•

be fully formulated, contain EP-additives and be commercially available
be recommended by the supplier and the project members for the desired application
be able to show an NLGI number between 1.5-2.5
2

•
•
•

have a maximum base oil viscosity of 500 cSt at 40°C, according to bulk friction
have a minimum base oil viscosity of 100 cSt at 40°C according to conventional
lubricating knowledge
be permitted for use according to environmental laws.

According to the rules described above, the following greases were chosen, see Table I,
"Chosen greases".
Table I. Chosen ereases
Base oil
viscosity at
40°C (cSt)
220
180
200
460
100
220
204

Grease 1
Grease 2
Grease 3
Grease 4
Grease 5
Grease 6
Grease 7

Base oil type

Thickener type

Thickener
content (Wt%)

NLGI-number

Polyaolefm
Mineral
Mineral
Polyaolefm
Polyotolefm
Polyotolefin
Mineral

Li-complex
Lithium-Calcium
Li-complex
Li-complex
Li-complex
Li-complex
Li-12-0H

23
13
15
19
15
17
12

2.5
1.5
2
2
2
2
2

3. Field tests

Shear stress (Pa

The field tests were performed on an ordinary iron ore waggon, designed for 80 tonnes of
cargo. The average speed was 50 km/h and the total travelled distance was 130,140 km during
a period of 16 months. The test waggon was employed in commercial traffic and the total
weight of the train in question was about 5,000 tonnes. The ore waggon was equipped with
four axles and a total of 8 wheel bearings (one tapered bearing unit, TBU, in each box). Seven
different commercial and fully formulated greases (referred to as grease 1, 2, 3, 4, 5, 6, and 7,
respectively) were used in the railway waggon. Grease 1 was used in two boxes. The
mechanical stability and the amount of iron particles in the greases were measured at the end
of the test period. At the end of the field test, all the bearings were also examined for rust. The
mechanical stability was measured by means of the shear stress criteria CEY, which
Hamnelid (1990) defined and is shown in Figure 1. This method involves shear stress
measurements with a conical viscometer at a specified shear velocity.
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Shear velocity (s-1)
Figure 1 Method to determine CEY value
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3.1 Mechanical stability and bearing temperature
It can be stated that the main reason for the mechanical degradation was the mechanical
working of the grease in the bearings. The mechanical stability can be expressed as the
quotient CEY%, which is defined as the CEY value from the last field measurement divided
by the CEY value for new, undestroyed grease, see Table II, "Mechanical stability of tested
greases".
Table II Mechanical stability of tested greases
Grease
CEY
CEY
CEY/0
Undestroyed at 130,140 km
(%)
(1VIPa)
1
2
3
4
5
6
7

987
426
443
585
753
731
402

523
315
319
328
136
285
173

53
74
72
56
18
39
43

It is seen that there are big differences in mechanical stability between the tested greases,
and further research is needed to understand these results.
Measurements at different places in the TBU indicate approximately the same consistency
and colour, indicating that most of the entire grease volume has migrated around the inside of
the bearing unit. The migration of grease is defined as the velocity of a mass of grease when it
is subjected to vibration and gravitational forces. Vibration excitation has been found to have
a widely varying effect on the creep transport of grease, suggesting that this parameter may be
important in the selection of greases for specific applications where vibration is present
(Lundberg, 1996).
An interesting question that arises is if the thickener content affects the mechanical stability
of the greases. In Figure 2, the mechanical stability CEY(%) is plotted against the thickener
content (Wt%) in weight percent. It is seen that the correlation is very poor. The R-squared
statistics indicate that the model as fitted explains 0 % of the variability in CEY(%). A
possible explanation could be that an equal amount of shear stress is superposed on all of the
thickener in the contact, irrespective of the amount of thickener.
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Figure 2 Mechanical stability CEY% versus thickener content Wt
The mechanical stability (CEY%) from the field test is presented as a function of the y-value
in Figure 3. It is seen that there is a very weak correlation between the mechanical stability
and the y-value. The R-squared statistics indicate that the model as fitted explains only 13% of
the variability in CEY(%). In spite of the big scatter it can be concluded that low y- values
tend to contribute to high mechanical stability. This has also been seen and explained in a
comprehensive field test (Lundberg, 2000, b).

80

'-I

60

-

j 40
›-.
w
u 20

0
32

34

36
Gamma

38

.40
(X

Figure 3 Mechanical stability CEY% versus y-value
On the other hand, it can also be concluded that there is a relation between the y- values and
the thickener content (Wt%), see Figure 4. The R-squared statistics indicate that the model as
fitted explains 38% of the variability in y. From this figure one can detect the tendency that
increasing the thickener content will decrease the ?-values. The reason is that an increased
thickener content decreases the friction in the contact point between the ball and the plate in
the y-apparatus. However, in Figure 2, it was shown that the relation between the mechanical
stability and the thickener content is very poor, so that the overall conclusion is that the yvalues are preferable for predicting the mechanical stability. In Lundberg (2000, b) a multiple
linear regression model including roll stability measurements was suggested for predicting
mechanical stability. This model is hopefully also useful for TBU, but no roller stability tests
were performed in the present study.
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Figure 4 rvalue versus thickener content Wt
The degree of correlation between the mechanical stability and the base oil viscosity was
also studied. No significant correlation was found as the R-squared statistics indicate that the
model as fitted explains only 9% of the variability in CEY(%). It is interesting to note that
grease 6 and grease 7 have also been tested in spherical roller bearings (Lundberg, 2000, b).
In these field tests it was found that the mechanical stability CEY(%) was 66% for grease 6
and 80% for grease 7. In the present field test the corresponding values are 39% for grease 6
and 43% for grease 7. Thus it can be concluded that TBU represent tougher conditions for the
grease. This is interesting, since there is a clear relation between the y-value and the viscosity,
and increased viscosity will decrease the y-value. The R-squared statistics indicate that the
model as fitted explains 43% of the variability in viscosity.
The temperature of spherical bearings in the wintertime, as measured in a comprehensive
field test (Lundberg, 2000, b), is shown as a function of the base oil viscosity in Figure 5. The
R-squared statistics indicate that the model as fitted explains 85% of the variability in bearing
temperature. Although the test greases in this case represent a wide spectrum of base oil types,
thickener types and thickener contents, it is clearly seen that increased viscosity will generally
increase the temperature and thus the friction in the bearings. It is natural to expect the same
behaviour for TBU.
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Figure 5 Bearing temperature W-Temp versus viscosity v
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3.2 Water content
A check for water in the grease was performed after the end of the field test by visual
inspection. No water was found. Moreover, no grease leakage was reported and consequently
it can be concluded that the seals are working properly.
3.3 Bearing temperatures and friction
The temperature of the bearing houses was measured with a temperature pistol. However,
because of an excessively large scatter, the base oil viscosity at 40°C is used instead as a
criterion for friction. A temperature of at least 40°C is assumed to be typical of the bearings in
this application. A reliable relationship between viscosity and bearing temperatures has been
found in a comprehensive field test with spherical ball bearings on ore waggons (Lundberg
2000, b). In that particular case, a typical bearing temperature was about 40°C, and it is also
assumed here that increased base oil viscosity will almost linearly increase the bearing
temperature.
3.4 Bearing wear
The wear of the ends of the rollers and each inner and outer ring of each bearing (totally 8
bearings) was estimated with the use of PQ measurements after the end of the field test. The
PQ apparatus allows fast and easy qualitative measurements of the amount of iron particles in
the greases. The ferrometric PQ-analysis method gives a dimensionless ranking number
according to the content of iron particles. This ranking number is approximately proportional
to the amount of iron particles in the grease, which thus indicates the real wear of the bearings
The particle quantifier measures the concentration of magnetic particles in a sample. An
RPD sample, an oil or grease sample in a cup, or a sample on a membrane can be used. The
sample is put in a magnetic field, and the changes in the magnetic field are measured. The
principle of the particle quantifier can be explained if one looks at an electron in an orbit
around an atom. This electron is equivalent to a current coil where the radii of the orbit and
the velocity of the electron decide the current (Stenumgard, 1988). The coil will produce a
magnetic torque M, see Figure 6.

I
Figure 6 Magnetic torque
A magnetic torque can be compared to a small magnet. The "magnetic torque arrow"
experiences a twisting torque if a magnetic field is applied to the coil. The torque M will
adjust to the applied field and enhance this field, see Figure 7. The ability to adjust is a
function of the atom properties and the strength of the applied field. Iron and nickel have
easily adjustable torque, while other materials like Al and Cu have greater difficulty in
adjusting. It is this effect that is used in the particle quantifier.
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Figure 7 a) without magnetic field and b) with magnetic field
The instrument gives a PQ-index, which is proportional to the degree of magnetic wear
particles. This is a fast and simple method that is used off-line and will only give a qualitative
measurement of the contamination. The enhancement in the electric field is registered by an
induce voltage over a coil. The voltage is enhanced and signal-processed to generate a number
that shows on a display, the dimensionless ranking number.
The atomic absorption spectrometer (AAS) described in Lundberg (2000, b) only detected
small particles of about 5 gm. There are many situations where the wear of a machine element
produces particles larger than 5 i.tm and in those cases the AAS is not recommended. A
solution to this problem would be to filter the oil or grease (prepared) and then examine it
with a microscope, or use an automatic particle counter and actually count the particles in the
oil. To filter and examine it with a microscope, however, is a method that is time-consuming
and expensive. The automatic particle counter is a relatively inexpensive method, but if the
oil/grease is heavily contaminated one must dilute the samples, which makes the
measurements not so reliable. By using the PQ, which can detect the whole range from small
to large particles and very contaminated samples, time and money can be saved. Yet another
advantage of this method compared with the atomic absorption spectrometer is that the PQ
meter does not count iron oxide. This will give a more accurate measurement of the amount of
iron particles causing wear in the bearings.
The measurements were repeated 6 times for each grease, giving a standard deviation of 6
PQ units. In order to eliminate the iron content in new greases, the difference between the
new and the used greases (PQ) is used. See Table III, "PQ-values of iron content".
Table III P0-values of iron content
Grease PQ (new grease) PQ (after field test)
1
14
29
2
21
38
3
11
116
33
4
20
5
8
83
8
28
6
85
7
13

APQ
15
17
105
13
75
20
72

The wear on the roller ends and on the corresponding surfaces on the bearing rings is of
special interest, since mixed lubrication is present. Laboratory tests (Waara, 2000) were
performed with a high frequency friction apparatus, in order to predict this condition. The
relative speed in the bearings at a travelling speed of 50 km/h is 2.0 m/s. The maximum speed
used in the apparatus is 0.17 m/s. However, the absence of tribological converging surfaces on
the roller ends means that the same type of lubrication regime is present in the bearing and in
the high frequency friction apparatus. The maximum contact pressure in the surfaces between
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the roller ends and the bearing ring is dependent on the maximum speed, the curvature of the
rails and the load, and is therefore difficult to predict.
fri the apparatus the applied force was 50 N, giving a maximum contact pressure of 160-400
MPa, depending on the wear on the contact surfaces. In the beginning of the test, the contact
pressure was about 400 MPa, but after a while the pressure decreased owing to the increase in
the contact area due to the wear. The test-temperatures were 50°C, 100°C and 150°C. The
oscillating amplitude was 2.3 mm and the total travelled sliding length between the test pieces
in the apparatus was 24.8 m. The test pieces were rollers from roller bearings with a hardness
of 850 HV, and every test was repeated 3 times.
To evaluate the dimensionless wear rate K, a light microscope was used to measure the
width of the worn marks on the test piece. From the width it was possible to calculate the
wear of volume V. The wear is then calculated by using the theory in the book by Peterson
(1980), which utilises the sliding length S, the hardness of the test piece H and the applied
force FN
V•H
(1)
S • F,
The bearing temperature in the field test varies depending on the outer temperature.
According to Lundberg (2000, b) a reasonable average bearing temperature is about 40-50°C.
The results from the high frequency friction machine measurements are presented in Table
IV, "Wear rate K at 50°C".
K=

Table IV Wear rate K at 50°C
Wear rate K
Grease
(10-6)
1
2
3
4
5
6
7

1.39
0.51
1.05
0.96
2.59
1.03
1.09

From Table IV it can be concluded that the best grease and the worst grease differ by a
factor of 5. A reasonable explanation is the different capability of the additives. In Figure 8,
the wear rate K is plotted against APQ. The R-squared statistics indicate that the model as
fitted explains only 14% of the variability in the wear rate. However, increasing APQ will
increase the wear rate K, which indicates that high frequency friction machines at least to
some degree are useful for predicting the wear in these conditions.
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Figure 8 Wear rate K versus particle ranking number APQ
In addition to this conventional method, the relevance of the shear strength of the greases
to the prediction of the wear of the bearings was also tested. In this connection an advanced
method for measuring the shear strength of lubricants was applied (Höglund, 1989). The shear
stress TL depends on the applied pressure p, and thus TL = to + yp, where To is the shear stress
at atmospheric pressure.
In an earlier field test, it was found that y correlates well with the bearing wear in service
(Lundberg, 2000, b). Decreased y values lead to a decrease in the wear. One reasonable
explanation is that high y values correspond to high shear stresses on the metal surfaces, and
thus severe conditions for the bearing material. The ‚y values for the greases tested in the
present study are presented in Table V, "y-values for tested greases".
Table V -values for tested greases
Grease
y-value
1
2
3
4
5
6
7

0.034
0.036
0.035
0.033
0.039
0.032
0.038

In Figure 9, the y-values of new greases are plotted against the APQ-values of the greases
after the field test. It is seen that increasing the y-values will increase the amount of wear
particles in the bearings. The R-squared statistics indicate that the model as fitted explains
35% of the variability in 7.
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Figure 9 y-value versus particle ranking number APQ
This indicates a relationship between these parameters. Since there is a relationship between
the base oil viscosity v and y, it is of interest to study this influence, see Figure 10.
(X 0.001)
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Figure 10 y-value versus viscosity v
Figure 10 shows that increasing the viscosity will decrease the y-values. The R-squared
statistics indicate that the model as fitted explains 39% of the variability in viscosity. This
relation is also seen, for instance, in Lundberg (1998). Fig. 11 shows the relation between the
amount of wear particles in the bearings and the base oil viscosity. It is seen that increasing
the base oil viscosity will to some degree decrease the amount of particles. The R-squared
statistics indicate that the model as fitted explains 22% of the variability in viscosity.
Consequently, it can be concluded that y is to be preferred for predicting wear in bearings.
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Figure 11 Particle ranking number APQ versus viscosity v
Another interesting aspect is the capability of the grease to build up a sufficient lubrication
film. This has been studied with an optical interferometric method, capable of measuring
lubrication film thickness down to about 10 nm .The method involves an apparatus, here
called the Ball-Disc, with a steel ball rotating against a rotating glass disc, coated with a thin
semi-reflective chromium layer and equipped with a colour calibration image processing
system which produces film thickness maps by evaluating the interferograms recorded by the
apparatus. The maximum normal pressure in the contact between the ball and the disc is about
400 MPa and the rolling speed in the contact is 0.1 m/s. One example of a measurement with
this equipment is given in Figure 12. It is seen that an increased number of disc revolutions
will decrease the film thickness. The reason is that the ball always runs in the same groove,
and thus the grease is pushed away from the contact between the ball and disc. The film
thickness is dependent on many grease factors, for instance the base oil viscosity and the type
and content of the thickener.
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Figure 12 Lubrication film thickness versus disc revolutions
The lubrication film thickness at 200 revolutions of the glass-disc is chosen as the reference
film thickness, see Table VI.
Table VI Lubrication film thickness at 200 rev.
Grease
Film thickness
(nm)
1
2
3
4
5
6
7

11
19
19
33
16
26
59
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The correlation between the film thickness and the amount of wear particles is very poor.
The R-squared statistics indicate that the model as fitted explains only 3% of the variability in
film thickness. Consequently, it can be concluded that the correlation is negligible. The reason
is probably that the measured thickness (10-60 nm) is too large. Wear will occur at a thickness
of less than 10 nm.
3.5 Bearing damage due to electric currents
Damage to the bearings due to electric currents is a common problem in Sweden. The main
reason is that the waggon bearings are electrically grounded with the rail, and any possible
residual currents have to pass through the bearings. Electric current passing through the
rolling contact of a bearing (with insulating lubricant) makes sparks which erode (melt) the
surface. Depending on the current intensity and other variables, fine pitting, large pits or axial
bands of pitting may be caused. Pits are a serious problem originating in surface defects
(Tallian, 1992). Therefore, bearing damage due to electric currents is observed as tiny melted
spots on the bearing rings, which are due to small electric lightnings. Several investigations
have been carried out concerning current passage through bearings (Prashad, 1999;
Komatsuzaki, 1987). The overall conclusions are that current passage causes serious damage
to the bearing surfaces. In the present field test, all the bearings were subjected to current
damage. Unfortunately it was not possible to detect any significant differences between the
bearings.
The parameters of the greases that influence the electric damage to the bearings constitute
an interesting topic which needs even more attention.
3.6 Bearing rust
No rust was found in any of the bearings. It is therefore obvious that the seals are capable of
keeping water away from the greases.
3.7 Starting torque
The starting torque was estimated using a variant of the CEY measurement at -30°C,
developed by Axel Christiemsson AB. This method is called 10 CEY, -30°C, and is basically
performed with a conical rheometer at -30°C. In the method, the shear stress at a shear
velocity of 1 (lis) is reported. The results are presented in Table VII, "Estimation of starting
torque at -30°C".
Table VII Estimation of startinc tor ue at -30°C
Grease
10 CEY, -30°C
(Pa)
1
2
3
4
5
6
7

3392
2359
2562
2106
2164
2106
1748
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By comparing Table VII with Table lit can be seen that the base oil viscosity has no or little
influence on the starting torque. The R-squared statistics indicate that the model as fitted
explains only 1% of the variability in 10 CEY-30°C. For instance it can also be seen that
grease 6 and 1 have the same type of base oil, the same thickener type, and the same type of
base oil viscosity, but still there are big differences in the starting torque. A possible
explanation is the thickener content, which is 23% for grease 1 and 17% for grease 6.
The influence of the thickener content on 10 CEY-30°C is studied in Figure 13. The Rsquared statistics indicate that the model as fitted explains 54% of the variability in 1OCEY30°C. This is a clear indication that a high amount of thickener is a disadvantage if low torque
is desired at low outdoor temperatures.
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Figure 13 Starting torque at -30° versus thickener content Wt

4. Specification of requirements and evaluation of greases to determine
their merit number
Each grease was evaluated with the help of the so-called requirement tree method (Beitz,
1996). The basic principle of this method is that a number of primary requirements are
arranged logically and weighted in relation to each other. The weighting value assigned to the
requirements is determined by comparing the requirements with each other, on the basis of
current knowledge in this field of tribology. Every grease under examination received a grade
that shows how well each respective requirement had been fulfilled, after which the weight
was multiplied by the grade. When we had worked through the whole requirement tree, each
grease was given a "merit number", which was used for ranking it in relation to all the other
greases.
4.1 Requirements
Five requirements, denoted by RI-RS, have been identified for application of the
requirement tree method:
High mechanical stability, R1 Stab. The mechanical stability must be as high as possible,
since this is essential for ensuring long service intervals with few refills of the grease. It is
also very important in order to eliminate the risk of lubrication starvation because of grease
leakage due to thin consistency between the service dates.
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Low total wear of the bearings, R2 Wear: This includes measurements of the amount of
wear particles after the field test and damage due to electric currents using a selection of
relevant laboratory methods.
Low degree of rust in the bearings, R3 Rust: Rust in the bearings is of course not wanted
and could shorten the bearing life.
Low total friction, R4 Friction: Friction is an important parameter in all types of lubrication,
since it always helps to reduce the energy consumption as much as possible. Here it is
assumed that an increase in the base oil viscosity will increase the friction (Lundberg, 2000,
b).
Low starting torque at low temperature, R5 Torque: This is of particular interest in arctic
conditions, since low outer temperature in combination with excessively stiff greases can
eventually cause wear of the waggon wheels and the rail during the start sequence. After a
while, this requirement is of minor importance since internal heating will decrease the torque.
4.2 Weighting of requirements and grade system
The weighting of each requirement was performed by comparing the requirements with
each other, see Table VIII, "Determination of requirement weights". This means that the rows
were compared with the columns in the following manner: 0= less important, 1= equally
important, 2= more important.
Table VIII. Determination of requirement weights
RI Stab.
R2 Wear
11.3 Rust
R4 Friction
R5 Torque
Total sum

R1 Stab.
1
1
0
0
0

R2 Wear
I
1
0
0
0

R3 Rust
2
2
1
0
0

R4 Friction
2
2
2
1
0

R5 Torque
2
2
2
2
1

Weight
0.32
0.32
0.20
0.12
0.04
1

Sum
8
8
5
3
1
25

The requirement R2 Wear was measured with many methods. The most important method
was direct measurement of the wear particles from the bearings, using the PQ-method, in the
field test. However, because of the fact that no direct measurement of the wear was performed
and owing to the low amount of investigated bearings, it is reasonable to include laboratory
methods using the high frequency friction apparatus (wear rate K), y-value measurement, and
the Ball-Disc (for lubrication film measurements). The internal weightings of R2 Wear are
presented in Table IX, "Evaluation of the internal R2 Wear requirement weight". The
weightings are based on the correlations between APQ, K, the Ball-Disc value and the y value.
Table IX Determination of the internal R2 Wear requirement weight
Wear field
test(APQ)
Wear rate K
Ball-Disc
y-value
Total sum

Wear field
Test(APQ)
1

Wear rate K

Ball-Disc

y-value

Sum

Weight

2

2

2

7

0.44

0
0
0

1
0
2

2
1
2

0
0
1

3
1
5
16

0.19
0.06
0.31
1

The total weight of the requirement R2 Wear was 0.32, see Table VIII. Consequently, the
internal weightings of R2 with respect to the overall goal of finding the "optimal grease" were
for:
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•
•
•
•

the APQ tests:
the wear rate K tests:
the Ball-Disc tests:
the y-value measurements:

0.3200.44=0.14
0.3200.19=0.06
0.3200.06=0.02
0.32.0.31=0.10

A linear grade system for all the requirements was defined, see Table X, "Requirement grade
system".
Table X Re uirement grade system
Grade

Meaning

1
2
3
4
5

Much less than average test result
Less than average test result
Average test result
Better than average test result
Much better than average test result

The next step was to define the grades from Table X with the results from the field tests and
the requirements, see Table XI, "Chart correlating parameter magnitudes with value scale".
The average of all the parameters was set to about Grade 3, which means that the same
attention was paid to all the requirements, to make it more easy to compare the merit numbers
with each other.
Table XI Chart correlatinc narameter ma tudes with value scale
R1 Stab.
(CEY%,
%)

R2A
Wear
Field Test
(APQ)

R2B Wear
rate
K
(10-6)

R2D
Wear?value

R2C
Wear
BallDisc

R3 Rust
(Rust
area,
%)

R4 Friction
(Viscosity
at
40°C, cSt)

(nm)

Grade 1
Grade 2
Grade 3
Grade 4
Grade 5

0
25
50
75
100

105
78.8
52.5
26.3
0

2.50
1.88
1.25
0.63
0.00

0.0700
0.0525
0.0350
0.0175
0.0000

0
15
30
45
60

500
375
250
125
0

0
-

R5
Torque
(10 CEY
-30°C,
MPa)
5000
3750
2500
1250
0

The requirement R3 Rust needed special attention, since the same results were achieved for
all the greases: "no rust at all". Thus for this case, "no rust" was set to grade 3.
The next step in the evaluation process was to interpolate the grade system in Table XI, to
connect the grades with the actual results for each grease, see Table XII, "Interpolated
grades".
Table XII Internolated erades
R2C Wear
Ball-Disc

R2D Wear
y-value

R3 Rust

R4 Friction

R5 Torque

4.43
4.35

R2B Wear
rate
K
2.78
4.18

1.73
2.27

3.06
2.94

3.00
3.00

3.24
3.56

2.29
3.11

1.00
4.50
2.14
4.23
2.26

3.32
3.46
0.86
3.35
3.26

2.27
3.20
2.07
2.73
4.93

3.00
3.11
2.77
3.17
2.83

3.00
3.00
3.00
3.00
3.00

3.40
1.32
4.20
3.24
3.37

2.95
3.32
3.27
3.32
3.60

R1
Stab.

R2A Wear
Field Test

Grease 1
Grease 2

3.12
3.96

Grease 3
Grease 4
Grease 5
Grease 6
Grease 7

3.88
3.24
1.72
2.56
2.72
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The final step was to multiply the interpolated grade by the weight for each grease and thus
obtain the merit numbers, see Table XIII.
Table XIII Merit number

Grease 1
Grease 2
Grease 3
Grease 4
Grease 5
Grease 6
Grease 7

RI
Stab.

R2A
R2B Wear
Wear
CameronField Test Plint

1.00
1.27
1.24
1.04
0.55
0.82
0.87

0.62
0.61
0.14
0.63
0.30
0.59
0.32

R2C
Wear
BallDisc
0.03
0.05
0.05
0.06
0.04
0.05
0.10

0.17
0.25
0.20
0.21
0.05
0.20
0.20

R2D
Wear
yvalue
0.31
0.29
0.30
0.31
0.28
0.32
0.28

R3 Rust

R4
Friction

R5
Torque

Total merit
number

0.60
0.60
0.60
0.60
0.60
0.60
0.60

0.39
0.43
0.41
0.16
0.50
0.39
0.40

0.09
0.12
0.12
0.13
0.13
0.13
0.14

3.21
3.62
3.06
3.14
2.45
3.10
2.91

5. Selection of optimum greases
From the point of view of the merit number, it is obvious that grease 2 shows the best
results. However, it is necessary to keep in mind the most important limitations of the method,
which are:
•
•

the pronounced interdependence of the evaluation criteria.
the incompleteness of the evaluation criteria.

The overall conclusion is that the benefits of applying a systematic approach to the selection
of the optimum grease far outweigh the disadvantages.
Keeping the limitations in mind, it is suggested that grease 2 should be the optimum grease
for this application. This particular grease has no weak points and exhibits excellent
mechanical stability and wear protection. Grease 2 represents a type of grease which has not
been considered to be better than any other type of grease in this test. The test results are
therefore surprising and no special explanation beside the additive package and manufacturing
process can be found.

6. Selection of relevant laboratory test methods
The following methods are suggested for predicting mechanical stability, wear, friction and
starting torque, see Table XIV, "Relevant laboratory test methods".
Table XIV. Relevant laboratory test methods
Property

Test method

Mechanical stability
Bearing wear
Friction

y-value
y-value

Starting torque

Base oil viscosity
at 40°C
10 CEY -30°C

Percentage
explanation (%)
13
35
85

Degree of
recommendation
Rough estimation
Useful
Very useful

-

Rough estimation

Concerning the task of finding a relevant test method to predict the starting torque of the
waggon at -30°C, no data from the field test are available. It is here assumed that the
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laboratory method 10 CEY, -30°C will predict this property. This assumption is based on the
reasonable presumption that the torque measured in a conical rheometer, at -30°C, can be
used to grade the greases in the same manner as the torque measured in the real waggon, at
the same temperature.
Concerning the prediction of mechanical stability, a multiple linear regression model
including roll stability measurement is suggested for improving the percentage explanation of
the variability in parameters.)

7. Conclusions
•

Systematic evaluation is, for many applications, a suitable method to determine the
optimum lubricants.
• Grease 2 is the optimum grease for the application. This grease is of the mixed type with a
Lithium-Calcium thickener and a mineral base oil.
• No rust or water was found in the bearings.
• The main reason for the mechanical degradation was the mechanical working of the
grease in the bearings.
• A comprehensive field test is recommended in order to achieve a platform for drawing up
specifications, including relevant laboratory test methods.
• 'y-values are recommended for the prediction of wear, and low y-values mean low wear in
the bearings.
• No correlation was found between the mechanical stability and the thickener content.
• No correlation was found between the mechanical stability and the base oil viscosity.
• The base oil viscosity is recommended as a predictor of friction losses in the bearing.
• Increasing the thickener content will decrease the y-value.
• Increasing the thickener content will probably increase the starting torque at low
temperatures.
• The laboratory method 10 CEY, -30°C is recommended as a predictor of starting torque at
low outer temperatures.
• The conditions for the grease are tougher in a TBU compared with spherical ball bearings,
concerning mechanical stability.
• The steps performed in this study are recommended as a general method for finding the
optimal grease for any applications.

References
Hamnelid, L. (1990) "Amazing grease or finding the right way to consistency." Presented at
the 57th Annual NALGO Meeting, Denver, Colorado, October.
Höglund, E. (1989), "The relationship between lubricant shear strength and chemical
composition of the base oil" Wear, Vol. 130, pp. 213-24.
Komatsuzaki, S., Uematsu, T. and Nakano, F. (1987) "Bearing damage by electrical wear and
its effect on deterioration of lubricating greases." Journal of the American
Society of Lubricating Engineers, Vol. 43, 1, pp 25-30.
Lundberg, J. (2000, a) "Grease lubrication of roller bearings in railway waggons. Part 1: Field
tests and systematic evaluation to determine the optimal greases." Industrial
Lubrication and Tribology, Vol. 52 No. 1.

19

Lundberg, J. (2000, b) "Grease lubrication of roller bearings in railway waggons. Part 2:
Laboratory tests and selection of proper test methods" Industrial Lubrication and
Tribology, Vol. 52 No. 2.
Lundberg, J. and Höglund, E. (1998) "A new method for determining the mechanical stability
of lubricating greases" Proc. AUSTRIB
Lundberg, J. and McFadden, T. (1996) "Creep transport of grease subjected to low frequency
vibrations." Lubrication Science, Vol. 9 No. 1, November.
Pahl, G. and Beitz, W. (1996), Engineering design, Springer Verlag, Berlin
Peterson, M.B. and Winer, W.O. (1980), "Wear Control Handbook" The American Society of
Mechanical Engineers, pp 143-160.
Prashad, H. (1999) "Diagnosis and cause analysis of rolling-element bearing failure in
electrical power equipment due to current passage." Lubrication Engineering,
May.
Stenumgard, P., (1988) "RPD-metoden vid undersökning av nötningsprodukter från
oljesmorda mekaniska system." Master Thesis, Linköpings University,
Department of physics and measurement technology, Linköping, Sweden.
Tallian, T. E. (1992), Failure atlas for Hertz contact machine elements, American Society of
Mechanical Engineers, New York, NY.
Waara, P. and Lundberg, J. (2000) "Wear and friction of grease lubricated contacts"
Submitted for presentation at COST 516 Tribology Symposium, 18-19 May,
Eibar

Acknowledgements
Thanks are due to Axel Christiernsson AB and MTAB for financial support and technical help
within the project. The authors are especially grateful to Patric Waara, Jörgen Larsson and
Hans Wikström for their measurements with the Cameron-Plint, Ball-Disc and consistency
apparatus.

20

RHEOLOGICAL PROPERTIES OF CONTAMINATED OIL

Sven BERG and Jan LUNDBERG
Division of Machine Elements, Luleå University of Technology, SE-971 87 Luleå, Sweden

All lubricating oils are in practice more or less contaminated. In order to make it possible to investigate the
contamination's influence on the performance of machine elements, it is essential to increase the knowledge of
basic rheological properties. Examples of such parameters are viscosity and lubricant shear stress. In this
investigation three different kinds of contamination, iron powder, ACFTD (silicon particles) and electronic oxide
(iron oxide powder), have been mixed with transmission oil. The viscosity of the contaminated oil has been tested
with two different methods, the rotational viscometer and the falling ball viscometer. Furthermore, the influence of
contamination on lubricant shear strength has been examined. It was found that the viscosity dependence of
contaminations is to a great extent a function of the test apparatus and that a very high amount of contamination is
needed to influence the shear strength constant y.
Keywords: Contaminated oil, Particles, Shear stress, Viscosity

lubricate the gauge side of the rail. They found that the grease
behaviour in a rail lubrication system could be predicted
through tests in a Bohlin CVO rheometer and a Cameron &
Plint apparatus.

1. INTRODUCTION
All lubricating oils are in practice more or less

contaminated. In order to make it possible to investigate the
contamination's influence on the performance of machine
elements, it is essential to increase the knowledge of basic
rheological properties, for example viscosity and lubricant
shear stress. In practice the degree of contamination can vary
from almost perfectly clean oil to a very high amount of dirt.
One example of a technical system that requires almost
perfectly clean oil is hydraulic equipment. On the other hand,
hydraulic cylinder seals often work in extremely contaminated
conditions.

Since the rails are not protected from the environment,
contaminants are accumulated in the lubricant and can reach a
high concentration. This requires the grease to be effective in
the small contact area, with a contact pressure in the order of
0.8 to 2 GPa, between the wheel flange and the rail.
In these examples, both the viscosity and the lubricant shear
stress are important parameters influencing the wear and
friction of machine elements in such conditions.

Examples where heavily contaminated oils or liquids are of
interest are off-road vehicles operating under severe
conditions and problems associated with oil and mine
prospecting. Another area where one encounters problem with
heavily contaminated lubricants is railroad applications,
especially those involving rails used for ore and pellets
transportation. In the loading and unloading areas at docks
and in mines, for example, there will be a high concentration
of iron and iron oxide in the lubricant, which in this case is
grease.

2. CONTAMINATIONS AND OIL

Three types of contamination have been used in the
present investigation: iron powder, ACFTD (silicon particles)
and electronic oxide (iron oxide powder), see Table 1.
Table 1. Contamination data
Type
Particle
Apparent
size distr.I powder
density
411111
Lgicin31

Wear is most significant in curved track sections, and curves
with a radius of less than 600 m are often lubricated with
stationary equipment.

Particle
density
[kg/cm3]

Particle
shape

7.11
uneven
50
2.91
Iron
powder
2.65
edged
ACFTD 10
5.3
edged
Iron
29
1.7
oxide
powder
1 Maximum diameter of particles occurring at 90% of the total
amount.

The main task of the grease is to reduce the wear and friction
that occur between the wheel flange and the gauge side of the
rail. Waara et al. (1) have investigated the behaviour of
lubricating systems for flange lubrication on railroad curves.
Several greases were investigated, developed especially to
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the impacting ball apparatus, was developed by Jacobson, see
Ref. (3).

The iron powder particle shape can be seen in Fig.1, below.

Measurements on Jacobson's apparatus were performed by
Höglund, see Ref. (4). This method was used in the present
investigation. The impacting ball apparatus is able to measure
the friction of lubricants at high mean pressures, 5-7 GPa,
during a very short impact time, 130gs approximately.
In short, the method involves the use of a lubricated sinteredcarbide surface, with a roughness of 0.05pm, and an
impacting steel ball with a surface roughness of 0.04pm, thus
ensuring full film lubrication. An image-processing system is
used to examine the ball trajectory after impact and to
calculate the limiting shear strength-pressure coefficient y of
the lubricant.

Fig.!. 70 gm iron particle
The iron oxide particles have a more sharp-edged shape
and can be seen in Fig.2.

Several authors have tried to describe the connection between
the shear stress and the shear strain rate. A condensed version
of the different theories has been presented by Hamrock, see
Ref. (5). One important factor in these theories is the limiting
shear stress L that a lubricant can sustain. If this stress is
exceeded in the contact, slippage will occur. It is important to
note that expression (1) is only valid during EHD conditions,
which is the case in all roller bearing applications.
The aim of the present authors has been to measure the
limiting shear strength proportionality constant,y, for the three
types of contamination. This has been achieved using the
impacting ball apparatus. The shear strength proportionality
constant can be written as shown in Ref. (3):

Fig.2 Iron oxide particles, mean size 29 pm
The oil mixed with the particles was a synthetic transmission
oil used for gear wheels in rear axles. The oil properties can
be seen in Table 2, below.
Table 2 Lubricant properties
Viscosity class
Density I5°C, kg/m3

=

75w-90

2co Re

868

Viscosity, cSt
At 40°C
At 100°C
At -40°C

92.8
14.1
98

Viscosity index
Flame point °C
Lowest floating temp., °C

156
202
-45

Additives

EP

Knowing the radii of the ball, R and by determining the
values of the rotational speed co (s4), the coefficient of
restitution e and the maximum height of the ball after impact
h (m), y can be calculated. A scheme of the experimental setup is shown in Fig.3.

I

3. EXPERIMENTAL RESULTS AND DISCUSSION
An important factor, concerning wear in machine
elements, is how much shear force, "C; an oil can sustain. The
limiting shear stress, TL, depends on the applied pressure p,
thus
Tr. = To +Y13

(2)

5{2gh(1 + e)}1

(1)

where y is a property of the lubricant and To is the shear stress
at atmospheric pressure. The y value can be measured in
several ways, one of the first being the method devised by
Johnson and Tevaarwerlc, see Ref. (2). At Luleå University of
Technology, an extraordinary method for measuring y, called

Fig.3 Impacting ball apparatus

2

gives two linear expressions. These expressions are marked in
Fig.4 as solid lines, which describes the relation between y
and the iron oxide concentration C:

The y values have been investigated for concentrations
between 0-5 kg/litre. For lower concentrations (0.01-10
g/litre), it was found that the particle concentration's influence
on the y values was negligible. The reason is naturally that the
shear resistance in the oil is very large compared with the
friction forces caused by the particles.

= 0.045 + 0.013.C, (0 <C < 1.7)
The = 0.098 - 0.018.C, (1.7 <C <3.5)

Fig.4 shows the dependence of high concentrations of iron
oxide particles on the y-value. It is seen that the y values are
constant from 0-10 g/litre and then increase with increasing
concentration up to 2 kg/litre, whilst higher concentrations
lead to decreasing y values.

(3)
(4)

Putting Toy, = yhigh gives C = 1.72 kg/1, which is very close to
the theoretical result of C = 1.70 kg/1 from Ref. (6).
The influences of the iron and silicon concentrations on the
viscosity have been studied using the falling ball and the
rotational viscometer, see Fig..6 and 7.

(X 0.001)
71
67
63

Ball

59

E

55

Particle
settlement

51
47
43

0

1

2
3
Conc. [kg/1]

Fig.4. y-value versus iron oxide concentration
This can be explained as follows. The dotted vertical line in
Fig.4 is the apparent iron oxide density and thus the maximum
concentration of particles that can be attained without
saturation occurring. This is also the maximum concentration
of iron oxide particles if they were assumed to be spherical,
the same size and orientated close together in a face centred
cubic (fcc) structure, see Fig.5. Since the particles are neither
spherical, according to Fig.2, not even the same size, this
must be considered a very simplified explanation.

Fig.6 Falling ball viscometer.

Immer cylinder

Outer cylinder
'article

settlement

Fig.7 Rotational viscometer.
Fig.8 shows the viscosity using the falling ball viscometer
versus the iron and silicon concentrations. It is seen that the
iron contamination gives a higher viscosity compared with the
silicon contamination. The reason is that the higher density of
the iron particles, due to sedimentation in the inclined tube of
the falling ball viscometer, increases the resistance between
the ball and the wall. Thus the velocity of the ball is reduced
and a higher viscosity is reported. It is natural that this
phenomenon is not significant at low concentrations of
contaminants. Therefore, this problem does not occur in
common oil-lubricated systems like gearboxes and hydraulic
systems, since they often work in contamination degrees
between 0-100 mg/litre. However, in the case of measuring in
highly contaminated lubricants, this is indeed a problem.
Moreover, Fig.8 shows that the viscosity is almost

Fig.5 FCC-structure
However, the fcc-structure represents the maximum
concentration where the spheres can move freely with respect
to each other. According to Ref. (6), it corresponds to a sphere
concentration of 74%, which would then represent an
apparent density of 1.7 kg/litre in Fig.4. For concentrations
below this value it is obvious that increasing concentration
will decrease the distances and thus the oil film thickness
between the spheres. This means that the friction (i.e. the yvalue) will increase. For concentrations above 1.7 kg/litre
using the assumptions explained before, the spheres roll
against each other and the friction losses in the oil are less
dominant. Applying linear regression to the most important
experimental points to the left and the right of the dotted line

3

Falling ball viscosity [Pas]

independent of the concentration in the investigated interval.
The explanation is that most of the particles fall as sediment
to the bottom of the tube and consequently the particles
influence on the ball velocity is small.
—*—Iron powder -1,
- Silicon powder
0,3

C

7, 0,25
E 0,2 '
e‘T 0,15

0.3

0.25

0.2

0,1
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2

6
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Fig.9 shows the viscosity versus the iron and silicon
concentrations using the rotational viscometer. It is seen that
the viscosity is constant and independent of both the
concentration of the contamination and the type of
contamination. Since the orientation of the rotational cylinder
is vertical, no unsymmetrical sedimentation effects on the
cylinder wall is present, as in the case of the falling ball
viscometer. The contamination, whether it is silicon or iron,
falls after a while as sediment to the bottom of the outer
cylinder and therefore no effects on the viscosity are detected.

0.25
se

0.2
0.2

powder -48.- silicon powder

0,2
f; 0,15
0,1

> 0,05
4

6

8

0.3

Fig.12 presents the shear stress as a function of the shear
strain rate, with the iron oxide concentration as a parameter.
The behaviour was measured with the rotational viscometer. It
was seen, for higher concentrations, that the contaminated oil
shows a pseudoplastic behaviour, i.e. an increasing shear rate
leads to a power law increase in the shear stress. For
concentrations beneath 0.5 kg/litre the behaviour is almost
Newtonian. This is expected since all gases and liquids with
small molecules interacting in a simple way are observed to
be very Newtonian. Non-Newtonian behaviour can arise in
liquids with long molecules (polymers), in solutions of
polymers, in liquids where molecules tend to gather in more
organised structures than usual, and in suspensions and
emulsions (7).

0,25

2

0.25
Rotational viscosity [Pas]

Fig.11 Correlation between the falling ball viscometer and the
rotational viscometer (silicon powder)

0,3

0

0.3

Oa

Fig.8 Viscosity at different concentrations using the falling
ball viscometer

8

0.3

Fig.10 Correlation between the falling ball viscometer and the
rotational viscometer (iron powder)

10

8

0.25
Rotational viscosity [Pas]

10

Conc. [gremil]

Fig.9 Viscosity at different concentrations using the rotational
viscometer

10
, —6— Conc. 0 kg/I
—a— Conc. 0.01 kg/1

Fig.10 and 11 show the correlation between the falling ball
viscometer and the rotational viscometer, with iron and silicon
contamination respectively. The overall observation is
formulated in terms of a generalisation stating that the falling
ball and the rotational viscometer show approximately
identical results, as long as the contamination consists of lowdensity particles. If the contamination consists of high-density
particles (iron), sedimentation problems occur which mainly
have negative effects on the falling ball viscometer.

8
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Fig.12 Characteristics of fluids with different degrees of
contamination

4

4. CONCLUSIONS

(1) For concentrations below 10 g/litre, which include the
contamination degree often found in machine elements,
no influence on y was observed, and thus no frictional
losses occur.
(2) For concentrations of 0.01-2 kg/litre, y increases and for
concentrations of 2-5 kg/litre y decreases.
(3) The big problem with very dirty oils in full film EHD
contacts is the wear of the components, not the friction,
since it is constant for relevant levels.
(4) At high concentrations, pseudoplastic behaviour of the
oil was observed.
(5) The falling ball viscometer should not be used for
severely contaminated oils, above 0.5 g/litre.
(6) The rotational viscometer can be used for the whole
range of contamination degrees, from 0-10 g/litre.
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A study of sample withdrawal for lubricated systems.
Part 1: Influence of flow characteristics, sampling
techniques and locations
Sven Berg
Division of Machine Elements, Luleå University of Technology, SE -97187 Luleå (Sweden)
Abstract
The wear of a machine element, whether it is due to fatigue or abrasive wear, will add
contaminants in the form of particulates to the system. If a machine element is starting to
wear out it will produce a large amount of particles and it will finally break down. Since this
can be very costly, one can establish the need to monitor the system so that one can foresee
failure. There are many different ways to monitor a system, for example measurements of the
temperature, pressure, vibrations and the degree of contamination. The purpose of
contamination control is to extend the life of a component and thereby save money. When
monitoring a system it is very important that the monitoring control instrument should give
the right output. One important factor in achieving this is the withdrawal of a representative
oil sample. In this paper an investigation of where and how to take a representative sample is
performed using Stokes' law and the migration of spheres in a channel. A generalised
sedimentation chart for different oils and particles is introduced. Sampling routines for proper
sample withdrawal are also presented.
Keywords: contamination, sampling, setteling

1 Introduction
Oil is widely used as a lubricant in machine elements such as gears and roller bearings. The
lubrication of these machine elements has the characteristics of very high pressure, high
viscosity in the contact region, a very thin oil film and elastic deformation of the solid
surfaces. In hydraulic systems the oil is the carrier of energy, transferring energy from the
pump to a motor, and here the clearances are small and the flow rate is high. The purpose of
oil in a system is not only to lubricate the machine elements in the system; the oil also has a
cooling effect and works as a particle transport medium. If a machine element starts to wear
abnormally, then the filters cannot remove enough debris and the debris can be spread to other
parts using the oil as a carrier. At first the filter becomes blocked and therefore begins to filter
much smaller particles, i.e. the filtering improves. The blockage of the filter will at some
point cause the flow rate through the filter to decrease, hence a smaller amount of the oil will
be filtered and the contamination degree in the oil will increase. If the blockage of the filter
becomes too severe, the filter bypass is activated and no particles are filtered. The particle
contamination in the oil can come from different origins, for example (Svedberg, 1999):
•
•
•
•

System-generated particles, wear from components
Particles introduced from outside the system, dust
Particles built in during assembly
Corrosion
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•

Chemical changes of the oil

Contaminants in the lubricant are often the reason for premature failure of machine elements.
When the particles are harder than the bearing material, they will cause indents and abrasive
wear. This will of course reduce the machine element life. Studies of the effect of particle
contamination on rolling surface contacts in bearings have been conducted by Chao et al.
(1996). They found that the L10 life decreases sharply with an increase in the particle
hardness, in the region where the hardness of the solid particle is less than that of the rolling
surface. Particles harder than and as hard as the bearing surface decrease the L10 life the most,
but the increase with particle hardness is not as sharp as in the former case. Their results
suggest that ceramic particles with high hardness but low toughness induce most damage in
metallic rolling contacts. Khonsari and Wang (1990) have carried out a theoretical study of
the effect of particulate contamination on scuffing of bearing surfaces. They found that the
size of the particle, the hardness of the overlayer and the penetration depth play an important
role in scuffing. The critical particle size beyond which scuffing is likely to occur varies with
the sliding speed, since a higher sliding speed increases the film thickness and a lower sliding
speed decreases the film thickness. Williams and Hyncica (1992) have conducted an
experimental study of the abrasive wear in lubricated contacts. Their results indicate that,
when the particle size to film thickness ratio is varied, not only do the wear rates of the solid
surfaces change, but also the mechanism of material loss. Ebert and Poulin (1995) outlined a
method to define cleanliness with the help of a cleanliness factor and a contamination factor.
These factors can then be entered into a bearing life calculation method to quantity the effect
of system cleanliness/contamination on the attainable life.
In the case of hydraulic systems it has been estimated that between 70-80% of hydraulic
component wear can be traced in some way to solid particulate contamination. The most
common manifestations are wearing of pumps, valves or any sliding surface (Eleftheralcis,
1992). The severity of the wear between the moving surfaces will depend on the different
components. Since the wear increases the component clearances, leakage fmally appears, and
due to the leakage a lower efficiency is attained. Particles can also be pressed into the surfaces
of the component and reduce the component's mobility. Fitzimmons and Clevenger (1975)
performed an investigation on the effects of the contamination concentration level in the
lubricant, the particle size and the particle hardness on tapered roller bearings. They found
that the bearing wear is proportional to the amount of contamination in the oil, and that the
degree of proportionality depends on the particle size and hardness. The wear of the bearing
will continue as long as the particle size is greater than the lubricant film thickness.
Significant wear can only occur if the particle hardness is equal to or greater than that of the
bearing material.
The contamination in the oil will also give rise to an increased friction between the
components. Chao et al. (1996) found that the friction increases with the particle hardness as
the particle hardness approaches that of the surface. As the particle hardness increases, so too
does the particle's resistance to deformation, and a transition of the wear mechanism from
adhesion to abrasion is made possible. Allen (1997) has also investigated the effects of
spherical particles, with a known size distribution, on lubricated friction. The results showed
that the friction increases with the particle concentration and the increase in friction is not
proportional to the concentration. The increase in friction is proportional to the numbers of
interfering particles.
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Since the breakdown of a component or a machine is often very costly, one can establish the
need to monitor the system so that one can foresee failure. There are many different ways to
monitor a system, for example measurements of the temperature, pressure, vibrations and the
degree of contamination. The purpose of contamination control is to extend the life of a
machine, for example, and thereby save money. One big advantage of using contamination
control is that service interruptions can be planned more precisely, thus avoiding unplanned
service stops. This means saving a lot of money for big industrial factories. The techniques
applied within the area of contamination control are many and there is no universal method
that is the most suitable and can be used for every system. The technique to be used will
depend on the system's condition, the amount and kind of contaminant, the oil in the system,
etc.
The control system itself cannot avoid failure, but it can give an indication if something is
wrong with the machine The control system should also indicate if there is something wrong
with the system itself. It is very important that the control system should give the right output.
To achieve this a representative oil sample is needed. A representative oil sample is not the
only thing that decides the reliability of the equipment. The reliability also depends on, for
example, the wear debris, the condition of the oil, the precision of the actual equipment and
the load that it experiences, how suitable the equipment is for the measurement and how well
designed it is. Sometimes one is only interested in a tendency and can manage without a
absolute measurement, and then accuracy is not as important.
Hydraulic systems and machines use different oils and often demand different levels of
cleanliness. In hydraulic systems the oil often passes all the components, the wear of one
component affects all the components in the system, and therefore this system demands a high
level of cleanliness. In a machine such as a car, on the other hand, the parts are divided into
different systems, for example the gearbox and the engine, and, if one system starts to wear
abnormally, it does not affect the other. The way to take a sample from different applications
will vary, depending on how they are built and the principle on which they work. The present
investigation deals with sample withdrawal from oil for the purpose of condition monitoring.
1.1

Sampling location

To be able to obtain information about a system's contamination, a sample from the system
must be extracted. Since a representative sample cannot be drawn anywhere in the system, the
location where the withdrawal is carried out is very important. The following main guidelines
are recommended.
1. To monitor a specific component the valve should be located in a line just after and
before the component. These locations are chosen because a sample extracted here will
indicate if the component is beginning to wear and needs to be replaced, see Figure 1.
2. If one wishes to determine the contamination of the whole system, the valve should be
located in a main line. The main line is chosen because the oil that has passed all the
components in the system also passes through this line, thus an oil sample representative
of the whole system is obtained.
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Sampling
location 2

Main line

Sampling
location 1

Sampling
location 1
Component

Figure 1. Sampling location chart.
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Influence of flow characteristics

The most representative sample is obtained from a location representative of the condition of
the system (Eleftherakis, 1992) and where the fluid is flowing in a turbulent manner (ISO
4021, 1977). A turbulent flow is characterised by an irregular motion and macroscopic mixing
motion perpendicular to the direction of the flow (Kundu, 1990). Turbulent flow often occurs
at discontinuities, for example after a bend in a pipe. The opposite of turbulent flow is laminar
flow, which is characterised by the fluid moving in parallel layers ("laminas") with no
macroscopic mixing motion across the layers (Kundu, 1990). Reynolds demonstrated that the
transition from laminar to turbulent flow always occurs at a fixed value of the ratio
Vd
R=
—3000, where V is the liquid velocity [m/s] averaged over the cross-section, d is a
v
characteristic length scale [m], such as a tube diameter, and v is the kinematic viscosity [m2/s]
(Kundu, 1990).
The location of the tap or valve from which the oil samples are taken is of importance.
Depending on what information is required, the valve can be fitted differently. For example,
in a horizontal pipe particles lighter than the fluid migrate to the upper wall of the pipe and
particles that are heavier than the fluid migrate to the bottom of the pipe. Naturally this is
applicable to laminar and turbulent flow. Lundberg (1987) has found that in a pipe located
vertically with a downward Poiseuille flow (pressure flow), the spheres lighter than the fluid
can be found in the middle of the channel. The heavier spheres are to be found at the walls. If
the flow is upward, the spheres that are heavier than the fluid migrate to the middle of the
channel and the spheres lighter than the fluid to the channel walls. Figure 2 below shows this
migration of the spheres.

= Sphere which is much lighter than the fluid.

CD = Sphere which is lighter than the fluid.
o = Sphere which is slightly denser than the fluid.
• = Sphere which is much more dense than the fluid.
b)

Figure 2. Migration of spheres in a vertical channel with Poiseuille flow (Lundberg, 1987).
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The basic research by Lundberg (1987) will give some possible hypotheses concerning
sampling locations. One's first choice of sampling location should be in a turbulent area of the
channel. The turbulence will make the flow random and the particles will be randomly
distributed in the pipe, and therefore the chance of obtaining a representative sample is good.
If this is not possible and the flow is laminar, i.e. the particles are distributed in an ordered
way, the results above can be used to examine different cases of sampling locations. Sampling
from a pipe can be performed from below, from above or from the side. So, if the flow is
laminar and the pipe horizontal, three cases occur:
• Sampling from below: Risk of getting settled particles into the sample, solved with
extensive flushing to clean the valve. Good choice if the sampled
component is expected to give dense debris. For example pitting
damage or abnormal wear.
• Sampling from above: Risk of missing the dense particles, because of their settling
capabilities. Good choice if an increase in wear is to be detected,
since there is no influence from dense particles. For example
increased normal wear.
• Sampling from the side:Risk of missing the dense particles, because of their settling
capabilities. This is a "middle way" between sampling from below
and from above.
In the other case of laminar flow and a vertical pipe, the sampling can only be carried out
from the side, and here two cases occur:
•

Upward flow:

•

Downward flow:

The heavy particles can be missed, because they are placed in
the middle of the channel or cannot follow the flow upwards.
The heavy particles will be located relatively near the wall. Good
chance of obtaining a representative sample.

The conclusions are that laminar flow sampling should be avoided, but if it cannot be avoided
then the condition of a specific component (when suspecting abnormal wear) should be
monitored through sampling from below in a horizontal pipe or from a downward flow in a
vertical pipe. Consequently, when a component is starting to wear abnormally, producing
large (heavy) particles, which settle, by extracting a sample from these two locations the large
particles can be sampled. The downside is that extensive flushing is needed in this case, since
the particles settle in the sampling valve. If one wishes to monitor the condition of the whole
system or the condition of a component where no heavy wear particles are suspected, then the
sampling can be performed from the top or the side of a horizontal pipe or from an upward
flow. This is because the heavy particles settle or migrate in the middle of the pipe and are
therefore not sampled. These conclusions concern laminar flow and no conclusions can be
drawn about sampling from a turbulent flow. However, since particle mixing occurs in
turbulent flow, sampling should be easier in this case than in the laminar case.
The placement of the sampling valve should be in an area where the flow is turbulent and the
settling of particles is minimised Figure 3 shows three different locations of oil sampling
taps.
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b

c

Figure 3. Three different locations of oil sample taps. a) Horizontal flow, b) vertical flow and
c) vertical flow.
Tap a):

This tap is placed in the end of a horizontal channel. If the flow in the channel is
laminar, then the heavy (often big) particles will travel at the bottom of the pipe
and the lighter ones at the top. This could mean that we might not be able to
sample the large particles since they might stay at the bottom, and we might not
be able to sample the lighter ones because they might disappear with the flow,
so-called fly-by. However, since this sampling point is in a turbulent area, it
does not matter that the channel flow is laminar. The sedimentation will be
minimised and we have a good chance to take a representative sample anyway.

Tap b):

This tap is placed in a vertical channel. If the flow in the channel is laminar, the
heavy particles migrate to the middle of the channel, and thus the sampling point
is at a good location. This tap is also in a turbulent area that is flushed all the
time and, since it is at the top of the channel, sedimentation cannot occur. This
gives a good chance to take a representative sample. It does not matter whether
the channel flow is turbulent or laminar in this case. One problem with this setup can be that the heavy particles cannot follow the flow upward and can
therefore not be sampled.

Tap c):

This tap is also placed in a vertical channel with upward flow, but at the bottom.
This will cause sedimentation and is not recommended.

2.1

Flushing of sampling taps

The first oil sample extracted from the tap is not representative, because the sediments are
being flushed with the oil. Flushing the sampling point can solve this problem. The volume
that has to be flushed depends on the contamination degree in the system and the amount
available for flushing, since the system can have a limited volume of oil. ISO 4021 (1977)
recommends that a volume of 0.2 litres should be flushed before a sample is taken, but this
seems to be too little for most systems. Radzikowski (1993) has performed a field test
concerning flushing measurement couplings at an ironworks with a very dirty environment.
After about 2 litres of oil had being flushed from the tap, a particle counter was connected to
it and on-line monitoring of the contamination level began. He found that the contamination
6

level stabilised after about 15 litres of oil had been flushed. Figure 4 shows the number of
particles larger than 20 gm and 8 Jim, counted with a particle counter. We can see a high
number of particles in the first oil flushed especially particles larger than 8 gm.
120000

Number of particles in 100 ml

100000
80000
60000
40000
20000

Flushed volume (litre)

Figure 4. Field test 1, performed at an ironworks, on-line monitoring by particle counting
(Radzikowski, 1993).
The need to flush the measurement coupling has been shown by Rinkinen and Kiso (1993),
who used a light blockage type portable particle counter in field research performed on 28
hydraulic and 9 lubrication systems. The flushing time for measurement couplings is based on
334 field measurements during the project. It is shown that after four minutes 50% of the
measurement couplings become clean, but if a probability of 90% is required, 15 minutes'
flushing is needed. Svedberg (1996) also found the importance of flushing the sampling point.
These investigations show the importance of having clean couplings, which will in the end
help to obtain the right output.
2.2 Containers and settling
However, it is not always possible to take a sample from a valve or a tap, and sometimes the
sample must be taken from a container. When this is the case, more precautions must be
taken, because of the increased risk of errors. It is very important that the oil in the container
should be well mixed if a representative sample is going to be taken. Here time is essential. If
the oil is well mixed, the particles are also well mixed, but as soon as the mixing stops the
sedimentation of particles starts. According to Stokes' law, with respect to a sphere falling in
a liquid in an infinite large container, the velocity, v, of a particle is (Allen, 1997):

v-

gD2 (pp — p1)

(1)

18,u

where g = the gravitational acceleration, D = the diameter of the particle, pp = the density of
the particle, pi = the density of the liquid, and µ. = the viscosity of the liquid. Equation (1),
Stokes' law, has an upper size limit of 0.25 Re.
The assumptions made in deriving Stokes' law are:
• The particle must be spherical, smooth and rigid, and there must be no slip between it and
the fluid.
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•
•
•
•

The particle must move as it would in a fluid of infinite extent.
The terminal velocity must be reached.
The settling velocity must be so low that inertia effects are negligible.
The fluid must be homogeneous compared with the size of the particle.

Figure 5 shows a sedimentation map for spherical particles of an arbitrary material in an
arbitrary liquid and is based on equation (1). To use the map, the oil and particle
specifications have to be known. On the x-axis we have the effective viscosity,
,u

ve =

, where 11. = the viscosity [kg/ms] of the liquid, p = the density [kg/m3], the

(pp — Pi)D
indexes p and 1 denote the particle and the liquid, respectively, and D is the particle diameter

Dimensionless setteling length , L/D

[mm] for the particle size inquired. On the y-axis we have the settling length L [cm], and the
particle diameter [mm]. The maximum settling time for the specific liquid and particle is
where the two values cross on the chart.

2000
1950
1900
1850
1800
1750
1700
1650
1600
1550
1500
1450
1400
1350
1300
1250
1200
1150
1100
1050
1000
950
900
850
800
750
700
650
600
550
500
450
400
350
300
250
200
150
100
50

o

o

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

1.8 2 2.2 2.4 2.6 2.8 3

Effective viscosity
Figure 5. Settling lengths for arbitrary particles in an arbitrary oil at different times.

x 10-4

Example: Using typical transmission oil with a viscosity of 0.0162 kg/(ms) at 100°C, which is
equal to 16.2 cP or mPas. Sand a density of 900 kg/m3, together with iron particles with a
density of 7600 kg/m3 and a size of 0.1 mm in diameter gives a veff of about 0.25E-4.
Assuming that the container height is 50 cm, then L/D = 500. Then one only has to see what
time line the two lines cross. In this case it will take about 4 minutes for the particle to settle
50 cm.
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Important factors that will keep the particles from sedimenting are the flow in the container
and the fact that real particles have different shapes that will make them sediment faster or
slower. If the container is small, like a gearbox, particles of 100 um in diameter and above are
almost impossible to "catch" if you cannot reach the sampling point within 5 minutes. The
determining factors for successful sampling are where the sample is taken and if the sample
can be extracted in time, before it has settled at the bottom of the container. If you succeed in
sampling in time and at the same point every time, there is a good chance of obtaining a
representative sample.

3

Sampling techniques

To determine the condition of a system, a sample of the system's oil must be extracted and
data about its particles can then be obtained, for example their size, quantity and shape, and
the type of contamination. The sampling can be carried out dynamically, when the fluid is in
motion while the machine is operating, or while the fluid is static. Dynamic sampling (the
extraction of a sample of fluid from a turbulent section) is generally preferred to static
sampling (the extraction of a sample of fluid from a fluid at rest). This will make the
possibility of extracting a representative sample bigger (Eleftherakis, 1992, Hunt, 1993,
Bensh, 1972, Young, 1977), since the turbulence prevents sedimentation and induces mixing
of the particles. There are three main different kinds of sampling techniques, in-line, on-line
or off-line, see Figure 6.
1. In-line sampling means continuous monitoring within the system.
2. On-line sampling means continuous monitoring parallel to the system, controlled with a
by-pass system.
3. Off-line sampling is mainly performed with bottle samples withdrawn from the system.
hi-line
On-line
Off-line

Figure 6. Three types of surveillance: in-line, on-line and off-line.
The different sampling techniques have different characteristics, and choosing the best
technique for obtaining a representative sample should be based on the type of system in
question and the information needed about the system.
1. In-line instruments are often electrical sensing instruments or instruments using
ultrasound methods and radioactive methods.
2. Examples of instruments that operate under on-line conditions are automatic particle
counters, mesh blockage instruments, magnetic detectors, inductance instruments,
electrical conductance instruments, and instruments using radioactive methods.
3. The instruments that are used with bottle samples are many, for example automatic
particle counters, mesh blockage instruments, image analyses, magnetic detectors, manual
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microscope counting, gravimetrical methods, ICP, AAS, and RDE, of which the last three
are for material analyses.
3.1 Off-line sampling
The off-line technique, bottle sampling, is adaptable to most of the systems and is therefore a
widely used method. The main advantage of this technique is that the oil sample can be kept
for further analysis. This is necessary if more information about the particles in the system is
needed. The downside of the method is that the possibility of errors is much greater than in
the other techniques. For example, if the bottle is open for a longer time after or while the
sample is taken, contamination from the air can interfere. Other problems are dirt remaining
in the bottle after cleaning and chemical changes in the oil during transportation, when
sending the bottle for analysis. The cleanliness of the sample depends on the surfaces which
the sample comes into contact with, i.e. the cleanliness of the equipment, Fitch (1983). The
cleaning of the bottles should therefore be done according to ISO 4407 (1991). Because of the
risk of errors using this technique, the sampling is of the utmost importance, and is maybe as
important as the particle analysis. Bottle sampling is usually performed with a vacuum pump
or by taking the sample from a tap directly into the bottle.
When taking a sample from a pressurised line, the most usual technique is using some kind of
valve or tap. If container sampling is required, the different techniques are drain plug
sampling or using a vacuum sampler and a hose. Drain-plug sampling is not recommended,
since bottom sediment can enter the bottle, and make the sample unrepresentative. An
improvement of the drain-plug technique involves a short tube that reaches upward away
from the sump and into the active zone of the batch, see Figure 7. The vacuum sampling
technique involves a vacuum sampler and a hose that is lowered into the oil. Fitch and Troyer
(2000) have presented the most usual sampling techniques and their disadvantages.

'/

Plug or/and
valve

Figure 7. Modified drain plug sampling.
Since bottle sampling is not carried out continuously, the possibility of losing important
information about the system is much greater than in the on-line technique. Radzikowski
(1993) has performed a test at a paper mill, where a radial piston hydraulic motor has been
monitored. The oil tap was first flushed with about 15 litres of oil in order to remove the
sedimentation. The contamination level was monitored on-line, using an automatic particle
counter, for some hours. The hydraulic motor was loaded about every seventh minute, which
resulted in an increased contamination level, see Figure 8. In this case the contamination level
both during every load cycle and between the load cycles was very low. However if the
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contamination degree had been higher during a load cycle, it could have been a mistake to
take a sample using bottle sampling. The high contamination degree could then have been
interpreted as an indication that the pump was worn out and the pump would have been
replaced, unnecessarily.
400

umber o4 particles >5u ,100m1

300

200

100

10

20

30

40

50

Time (min)

Figure 8. Field test 3 performed at a paper mill, on-line monitoring by particle counting
(Radzikowski, 1993).
Once a sample has been withdrawn it should be sent to a laboratory for analysis. The errors
that can occur, mainly when using a particle counter, besides those resulting from bad
measurement equipment, after the sample has been drawn can have several causes (Fitch,
1983):
• poor calibration of the analysis equipment
• air entrapped in the fluid
• fluids in the sample that are incapable of mixing with the oil
• contamination agglomeration,
• poor dilution technique and fluid cleanliness, i.e. a contaminated dilution liquid
• contaminant settling
3.2

In-line and on-line sampling

In the off-line case the oil sample is first withdrawn and then sent for analysis, while in the
case of in-line and on-line sampling the analysis equipment is integrated with the sampling
procedure and the result can be obtained directly. The in-line technique should have many
advantages, the oil sample should be representative of the whole batch and the environmental
errors connected to bottle sampling should be minimised. However, because of the high flow
rates in most systems, in-line monitoring is often impossible or is performed with qualitative
techniques. It is doubtful if the in-line instruments of today really measure on the basis of a
representative oil sample, because the instruments often interfere with the flow when
performing measurements. This interference changes the flow pattern and thus the particle
distribution in the line, and a representative sample is not taken. The in-line techniques
available today are not really usable to attain absolute measurement values out in the field.
On-line sampling is a compromise between off-line and in-line sampling, in that the
instrument is attached to the system using a by-pass line. The on-line and in—line techniques
are sometimes not adaptable to the system for different reasons, for example difficulty in
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reaching the sampling point or vibrations while the system is running, as is the case in of a
gearbox in a truck. On-line instruments today can often be used to take bottle samples using a
built-in vacuum pump. In-line instruments, which are often based on other techniques that do
not include taking samples from the flow, do not have this capability. The advantages of online sampling over off-line techniques are that direct results are obtained, bottle cleaning is
not necessary, less technical expertise is necessary, and there is less risk of errors when
withdrawing a sample. The main disadvantage of on-line sampling is that it does not provide
information about particle material or how the particles have been generated. Fluids
containing air or water, precipitation, dark oils, viscous oils or excessively contaminated oil
are problems when sampling on-line.
3.3

Sampling routines

Since it is of great importance to take samples in the right way, it is good to have a sampling
routine in writing that is followed every time a sample is taken. If it is possible, the same
person should take the sample every time. Below a method for obtaining a representative
sample is proposed. The method is a development of ISO 4021 (1991).
General advice:
•
•
•

•
•
•
•
•
•
•
•

Choose a suitable place to take the sample, and if possible avoid draughty places, rain, etc.
Clean the sampling area carefully and open the valve or loosen the plug gently.
Take the sample from a turbulent area, and optimal sampling areas are live zones, for
example zones before a filter. Do not use dead zones such as static containers and
reservoirs.
When dealing with machinery the sample should be taken from the machine's normal
environment, at normal temperatures while running or just after the machine has stopped.
Do not add oil before taking the sample.
Use a pre-cleaned bottle, hoses, etc. according to ISO 4407 (1991).
Do not fill the bottle more or less than 50-75% (more can prevent mixing), but samples
should be at least 100 ml.
Keep flask caps in a clean environment.
Before fastening the plug, clean the plug.
Mark the bottle with an id-number, and the sampling point should also be marked.
Analyse the sample as soon as possible.

The area around the sampling tap should be cleaned before the tap is removed, otherwise
there is a risk of pushing in debris from the outside. If the sampling location seems clean, just
wipe off the sampling location, do not try to remove dirt by using solvents, every disturbance
of the system can deteriorate the sampling.
When sampling from a valve, flush the sampling point as long as possible if the system is
small. For larger systems use at least 200 cm3 for flushing. If drain plug sampling is being
carried out, allow the initial oil to drain first and then take the sample; do not sample at the
end of the oil flow either, since the initial and the last oil of the system that is drained contain
settled material. When using a vacuum pump try to keep the end of the tube off the bottom
and walls of the container.
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4 Conclusions
From this survey the following conclusions can be drawn.
•
•
•
•

•
•
•

Sampling should be performed in a turbulent area, for example after a bend.
Measurement couplings should be flushed for a long time.
Time is essential in static sampling, due to sedimentation of large particles.
The errors of on-line sampling are, in most cases, less than those of bottle sampling, but
one should be wary of problems with the fluid, such as air and water in the oil,
precipitation, excessively viscous oil or excessively contaminated oil. These problems can
ruin the advantages of on-line sampling measurements.
Bottle samples are necessary if further analysis is required.
Sampling routines and trained staff increase the possibility of taking a representative
sample.
In-line techniques are available but not really usable for quantitative field measurements.

Acknowledgements
The author would like to thank Professor Jan Lundberg for valuable discussions and the
review of the manuscript. The author gratefully acknowledges the financial support of
Fordontekniska Programrådet, Volvo Truck Corporation, Hägglunds Vehicle, Hägglunds
Drives, Swedish Statoil, CSM Materialteknik, Scania, Volvo Development, Forsheda AB and
FMV.

References
Allen T., (1997), "Particle size measurement Vol. 1", Fifth Edition, Chapman & Hall, Great
Britain.
Bensh L.E. and Fitch E.C., "The analysis of particulate contaminants in hydraulic fluids",
National Conference on Fluid Power, 1972.
Chao K. K., Saba C.S., and Centers P.W., "Effect of lubricant borne solid debris in rolling
surface contact", Tribology Transactions, Vol. 39, No. 1, 1996, p 13-22.
Ebert F.J. and Poulin P., "Effect of cleanliness on attainable bearing life in aerospace
applications", Tribology Transactions, Vol. 38, No. 4, 1995, p 851-856.
Eleftherakis J.G., "A primer on particle counting", November 1992, Hydraulics &
Pneumatics.
Fitch E.C., "Control of hydraulic fluid contamination", May 1983, Hydraulics & Pneumatics.
Fitch J.C. and Troyer D.D., (2000), "Sampling Methods for used oil analysis",
Lubrication Engineering.
Fitzsimmons B. and Clevenger B.J., "Contaminated Lubricants and Tapered Roller Bearing
Wear", ASLE/ASME Lubrication Conference, Miami Beach, Fla., Oct. 21-23,
1975.
Hunt M. T Publisher., "Handbook of wear debris analysis and particle detection in liquids",
Elsevier Science Ltd, 1993
Hyncica A.M. and Williams J.A., "Abrasive wear in lubricated contacts", Journal of Physics
D, Applied Physics, Vol. 35, No. 1, Jan 14, 1992, p A81-A90.
ISO 4021, 1977
ISO 4407, First Edition, 1991.
Khonsari M.M. and Wang S.H., "On the role of particulate contamination in scuffing failure",

13

WEAR, April 1990, Vol. 137, No. 1, p 51-62.
Kundu P.K., (1990), "Fluid Mechanics", Academic Press Inc, San Diego.
Lundberg J., "Rheological properties of lubricating fluids", Doctoral Thesis, Luleå University
of Technology, Division of Machine Elements, 1987, Luleå, Sweden.
Pahl G. and Beitz W. (1996), "Engineering design", Springer-Verlag, Berlin, Heidelberg and
New York, NY.
Radzikowski P., "Problem with automatic particle counting of solid contaminants in hydraulic
and lubricating oil containing disturbing substances", Licentiate Thesis, KTH,
Department of Fluid Technology, Stockholm, 1993, Sweden.
Rinkinen J. and Kiso T., "Using portable particle counter in oil system contamination
control", Third Scandinavian Conference, Linköping University, Linköping,
Sweden, May 1993.
Svedberg, G., (1999), "On-line mätning av partikelkoncentration öppnar nya och mer
tillförlitliga rekommendationer for filtrering", Hythaulikdagar, Linköping.
Svedberg, G., (1996), "The cleanliness of fluid power systems in theory and practice",
International Fluid power workshop, University of Bath, U.K.
Young H. C., "Used hydraulic oil analysis", Lubrication, 1977, Vol. 63, No. 4.

14

A study of sample withdrawal for lubricated systems.
Part 2: Practical sample withdrawal and selection of proper
sampling methods

Sven Berg
Division of Machine Elements, Luleå University of Technology, SE-97187 Luleå (Sweden)

Abstract
Contamination control is a technique widely used to acquire information about a system's
condition. It often includes some kind of sample withdrawal, with either an on-line or an off-line
technique. Depending on how the sampling is carried out and what technique is used, different
results can be obtained. The aim of the research presented in this paper was to use some of the
sampling techniques and sampling routines mentioned in Part I, to perform practical tests to
determine their differences in withdrawing samples. This was accomplished by using two
different types of systems, a hydraulic system and a gear system, together with some the
investigated sampling techniques. In order to find out the optimum sampling method for each of
the two systems, a specification of requirements and a systematic approach were used, together
with practical sample withdrawal from the two systems. For the hydraulic system, an on-line
particle counter and bottle samples from valves were used, and for the gear system, drain-plug
and vacuum pump sampling was applied. It was found that for hydraulic systems on-line
sampling is the most appropriate, if information on the elements is not required. If information
on the elements is required, bottle sampling from a valve together with flushing of the valve
should be performed. For the gear system no difference was seen between the samples taken
with a vacuum pump and those taken from the drain-plug, and therefore an alternative method is
suggested to improve the reliability of the sampling.

1 Introduction
Contamination control is a technique widely used to acquire information about a system's
condition. It often includes some kind of sample withdrawal from the system, either by using
on-line sampling to measure the contamination degree or by using an off-line technique, where
the sample is examined in a laboratory. Fitch et al. (2000) describe different sampling
techniques for high and low pressurised systems and for non-circulating systems. Hunt (1993)
presents different sampling techniques and measurement instruments, and describes how to take
a sample and what can go wrong. The key to successful contamination control is to obtain a
representative sample of the system. If the sampling is performed carelessly or if the sample is
not handled properly in the measurement procedure, contamination of the sample can occur,
thus making the analysis meaningless. If special sampling points were incorporated, at easily
reached and proper locations, in the design of the system, this could solve some of the problems
with sample withdrawal and more reliable sampling could be achieved.
The scope of the present paper is to investigate the need for flushing (Rinkinen 1993,
Radzikowski 1993, Svedberg 1996) the sampling point, and to compare some of the techniques
1

used for sample withdrawal with each other in order to fmd out the optimum sampling methods
for each system. To achieve this, a number of sampling techniques were tested on a hydraulic
system and a gear system.
In order to find out the optimum sampling method for each of the systems a specification of
requirements and a systematic approach were used, together with practical sample withdrawal.
The sampling and measuring techniques used are on-line and off-line sampling. For the
hydraulic system, an on-line particle counter and bottle samples from valves were used, and for
the gear system, bottle samples from drain-plug and vacuum pump sampling were used.

2

The systems and sampling techniques

The two types of system are a hydraulic system and a non-circulating gear system. The main
characteristics of the systems are presented in Table I below.
Table I. Characteristics of the systems.
Hydraulic
System
Degree of cleanliness Clean system
Bottle samples and on-line sampling from
Sampling methods
pressurised valves
Dynamic or static
sampling

2.1

Dynamic sampling possible

Gear
Dirty system
Drain-plug and
vacuum pump
sampling
Only static sampling
possible

The hydraulic system

In a hydraulic system the oil is the carrier of energy, transferring energy from, for example, a
pump to a motor, often with large flow rates. Dynamic sampling from a hydraulic system is
possible and advantageous, because the oil is always in motion, compared with containers,
where the oil is often stationary and sedimentation often occurs. Since valves and pumps have
small clearances, particles in the oil can cause wear on the components and thereby give rise to
efficiency losses. Therefore hydraulic systems are often intensely filtered, which leads to very
clean systems.
The hydraulic system that was examined in the present research was studied in a laboratory
environment and in real conditions in the field. The samples were withdrawn from the system
using a ball valve and a minimess valve, respectively, together with pre-cleaned bottles
according to ISO 3722. The oil used in the systems was a VG 68 highly refined mineral oil, to
which VSI (corrosion protection) had been added, see Table II for the oil data.
Figure 1 below shows the laboratory system, which is a hydraulic motor of the radial-piston type
with a stationary housing and a rotating hollow shaft. These motors are often used in mining,
paper-making and marine applications where high torque at low speeds is needed, for example
as an alternative to beam pumps and drives for lime sludge kilns in paper mills. From this motor
the oil samples were taken from the drainage oil from the motor housing using a ball valve and a
hose. The drainage oil comes from the leakage points marked in Figure 1.
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Figure 1. Shows a hydraulic motor of the radial-piston type with a stationary housing and a
rotating hollow shaft.
The field system was also a hydraulic motor, of the same type as the laboratory motor, but
located in a paper mill. The samples from this motor were taken from the low-pressure side, i.e.
the return line. The sampling valve was a minimess, to which a hose was coupled. In this case an
on-line particle counter, based on the principle of light extinction, was used to measure the
contamination degree. Besides the on-line counting, bottle samples were also taken and sent to
the laboratory for analysis. The sampling was performed according to Berg (2000).
2.2

The gear system

Gear systems are often dirty systems where the gears are heavily loaded and the clearances are
small, and the wear of the machine elements does not affect the efficiency as much as in the case
of a hydraulic system. Gear systems, for example in cars and trucks, are not as effectively
filtered, if filtered at all, as hydraulic systems. If they have a filter it is not likely that they have a
line that can be used for dynamic sample withdrawal, simply because gearboxes are not
designed for easy sample withdrawal. Taking a sample on-line under working conditions can be
very hard, since in reality there are no on-line sampling techniques that can be applied under
such conditions. The only possibility is often to take a static sample with an off-line method.
For the final gear, Figure 2, the vacuum pump technique and sampling from the drain-plug have
been used to investigate the significance of time, concerning sedimentation, when taking a
sample and to find out the optimum sampling method. For the gearbox only the vacuum pump
technique could be applied, because of oil change procedures specified and guarantees provided
by the manufacturer. The sampling of the gear systems was performed according to Berg
(2000).
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Figure 2. Final gear of a truck.
The latest oil change in the final gear had taken place 400 000 km ago and the working
conditions of the truck were such that it was always heavily loaded when driving. The lubricant
used was a fully synthetic SAE 75w-90 grade oil, see Table II. The gearbox system had not had
an oil change since 10 000 km ago and was filtered. This would be the main reason for
suspecting that it should be somewhat cleaner than the final gear. However, other factors like the
initial dirtiness and the different loads and gear types could influence the final dirtiness. The
lubricant used here was also synthetic oil, of SAE grade 30, see Table II.
Table II. Oil data for the different systems
System

Viscosity
40°C
(100°C)

VI

Flash
point
(°C)

Pour
point
(°C)

Base oil
type

Hydraulic
(field)
Hydraulic
(laboratory)
Final gear

68
(8.8)
68
(8.8)
102
(15.1)
71
(10.8)

102

220

-30

Mineral

102

220

-30

Mineral

156

202

-54

Synthetic

144

230

<-51

Synthetic

Gearbox
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Additives

AW, corrosion protective, anti-oxidant,
foam inhibitor, pour point depressant
AW, corrosion protective, anti-oxidant,
foam inhibitor, pour point depressant
AW, EP
AW, EP

Measurement instruments

3.1 ICP/AES-technique
The ICP/AES-technique (Skoog, 1998, Eisentraut, 1984, Lukas2, 1998, Hunt, 1993) uses plasma
to supply the sample with energy. The plasma is created due to a continuous flow of noble gas
(Argon). The oil sample is supplied in spray form to the plasma and is heated to about 8000 °C.
The atoms in the sample are excited and will emit light with a specific wavelength. The ICPtechnique uses lenses or fibre optics to collect and focus the emitted light on a CCD-element or
a photomultiplicator. A lattice or prism divides the light in a spectrum. The photomultiplicator
transforms the light intensities of the different elements to electric current, which can be related
to the concentration in the oil sample. The ICP-technique can be seen in Figure 3.
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\

Sample
solution

Figure 3. Nebulizer for sample injection, the 1CP-technique.
The big advantage of the ICP-technique is its accuracy, and, because the sample must be diluted
before analysis, the dilute liquid will be the main component in the sample. This will limit the
matrix effect. Another advantage is that the analysis can be made semiautomatic. Disadvantages
are that sample preparations are necessary, a laboratory environment is needed and, because of
the sample supply system, it cannot handle particles bigger than about 5µm. The ICP-technique
was used to measure the Fe-content of all the bottle samples withdrawn in the present research
work.
3.2

Automatic particle counter (APC)

The APC (Lukash 1998, Hunt, 1993) is one of the most commonly used and fastest methods for
counting particles in the laboratory and in the field. This method was developed to count
particles in hydraulic oils, but nowadays it is used for different kinds of liquid. There are mainly
two different sorts of APC, one of which uses the light extinction principle, see Figure 4, while
the other uses the light reflection principle.
In the light extinction principle, liquid with a small flow, about 100 ml/min (depending on the
model and settings), is transported through a small slit situated between a light source and a
photocell. The particles in the liquid absorb part of the light, the absorbed light being
proportional to the particle area. Impulses from the photocell are transformed to electrical
signals that are sent to a computer for calculation. The signal, which is proportional to the
particle area, is transformed to an equivalent diameter (the diameter of a sphere with the same
area).
Flow

Light source
Z"-)=

Figure 4. Simplified sketch of the light extinction principle for the APC.
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The light reflection method often uses a laser as the light source. The laser hits passing particles
and is reflected. The reflection is detected by a photocell, and its intensity is proportional to the
particle area. Otherwise the light reflection method works like the light extinction method.
The advantages of the APC are that, with a known flow rate combined with the particle size and
number, one obtains an ISO-code, and most of the APC on-line systems today are able to handle
contamination degrees at least up to an ISO-code of 22. It is a good method for determining the
individual particle size distribution. It is suitable for filter surveillance. The disadvantages are
that it only indicates the size and number of the particles and not their material or shape. Small
particles that aggregate will be counted as large particles (though ultrasonic treatment can
reduce the risk of aggregation). It demands fairly transparent liquid, non-viscous and clean
liquids, and, if the oil is too dirty, or viscous, it has to be diluted. Oils that are heavily oxidised
or discoloured, or contain water or other particulate substances are not suitable for analysis with
this method.
3.2.1 On-line and stationary APC
In the present research work, two types of APC were used, both of them based on the light
extinction principle, one an on-line and the other a stationary particle counter. The stationary
particle counter, placed in a laboratory, was used to measure all the bottle samples withdrawn.
The on-line particle counter was used to measure the contamination directly from the system
and was not used to measure bottle samples. The on-line counter measured the contamination in
100 ml of oil sample at the time, and the result was given as an ISO-code for >21>51>15µm
particles. The particle counter could not show any cleanliness higher than the ISO-code 12/10/9,
and, in such cases, only showed that the oil was cleaner than that.
The ISO-coding is specified in ISO 4406 and is based on the number of particles per unit
volume (100m1) greater than three particle sizes, >2/>5/>15µm particles, according to a
logarithmic scale. If N is the concentration in particles per 100m1, the class will be
approximately given by 10/3*Logio(N)+1 (Svedberg, 1996) and always truncating the code.
Maybe a better and simpler way to describe the is code is by Logio(N)/log(2) an always round
off upwards.
3.3

PQ (Particle Quantifier)

The particle quantifier measures the concentration of magnetic particles in a sample. This
concentration can be obtained through an RPD sample, an oil sample in a cup or a sample on a
membrane. The sample is put in a magnetic field, and the changes in the magnetic field are
measured. The instrument gives a PQ-index, which is proportional to the degree of magnetic
wear particles. This is a fast and simple method, which is used off-line and will only give a
qualitative measure of the contamination (Lundberg, 2000, Massoudi, 1994). This method was
used to measure the contamination of the gear systems in the present research work. It was not
used on the hydraulic systems because they were expected to be too clean for this method to be
able to detect the contamination.
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4 Results
4.1

Hydraulic laboratory system

The contamination degree of the laboratory system was measured with the ICP-technique and a
stationary particle counter. From the laboratory system, the first bottle sample was taken directly
without flushing the hose or sampling point, and the second sample was taken after the hose and
sampling point had been flushed for 5 minutes, or after about 10 litres of oil had been flushed.
Before the measurement with the particle counter could be carried out, the oil was diluted four
times. The results are presented in Table III Oil sample measurement results from the laboratory
hydraulic system.
Table III. Oil sam le measurement results from the laboratory hydraulic system
Sample 2
Sample 1
Method
Bottle (after flushing 10 litres)
Bottle (directly)
11/10
13/10
Stationary particle counter (ISO)
2.52
2.75
ICP, Fe-content (PPM)
From Table III it is seen that sample 1, measured with the particle counter, has a higher degree
of contamination than sample 2, with both samples showing an ISO-code of 13/11 and 11/10,
respectively. The ICP measurement of the Fe-content shows that sample 1 has a higher level of
iron content than sample 2, with both samples containing 2.75 and 2.52 PPM, respectively. This
indicates that flushing the valve lowers the measured contamination degree for both the total
amount of particles and for the iron particles, showing the necessity of flushing if representative
values for the system's contamination degree are to be obtained.
4.2

Hydraulic field system

The field system's contamination degree was measured with the ICP-technique, a stationary
automatic particle counter and an on-line particle counter. The on-line counter measured the
contamination degree of the first samples withdrawn from this system. After the on-line counter
measurements, the first bottle sample was taken, called sample 3. It was withdrawn directly
from the system, without flushing, using another hose than that used for the on-line particle
counter. The second bottle sample, called sample 4, was taken after the hose and sampling point
had been flushed for 2 minutes, or after about 2 litres of oil had been flushed. Before the
measurement with the stationary particle counter, the oil was diluted two times. The results are
presented in Table IV Oil sample measurement results from the hydraulic field system.
Table IV. Oil sam le measurement results from the hydraulic field system
Sample 3
Sample 2
Sample 1
Method
Bottle
(First count)
(Last count, after
2 min.)
(directly after
on-line)
Not possible
Lower than
On-line particle
(15)/14/13
(12)/10/9
counter(ISO)
11/8
Not possible
Not possible
Stationary
particle counter
(ISO)
Not possible
3.61
ICP, Fe-content
Not possible
(PPM)
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Sample 4
Bottle (2 litres
flushed)
Not possible
10/7

3.66

Table IV shows that the on-line counter's first count, called sample 1, represents a high level of
contamination, an ISO-code of 14/13, and the last count, called sample 2, represents the bottom
value that the counter could show, an ISO-code of 10/9. This value was reached at the second
count, after 200 ml had been flushed. In the last on-line count 0.5 L had been flushed in the
system, at which time the contamination degree was probably several ISO-codes lower than
10/9. The flushing explains the lower contamination degree of sample 2.
It can also be seen that the first bottle sample, sample 3, taken directly after the on-line counting,
has an ISO-code of 11/8. Sample 4, taken after 2 litres had been flushed, shows a slightly lower
contamination degree, an ISO-code of 10/7. The ICP measurement of the Fe-content indicates
that sample 4 has a higher contamination degree, 3.66 PPM, than sample 3, 3.61 PPM.
However, there is no significant difference between the two measurements, since the difference
between them is too small and within the tolerance of the instrument.
These results indicate that the flushing of measurement points lowers the contamination degree
and that bottle samples of high cleanliness can be taken. The ISO-code 10/7 means 500
particles/100m1 larger than 41m and about 65 particles larger than 151.tm. It also indicates that
on-line measurement shows a lower contamination degree than bottle samples, since the
minimum value of the on-line particle counter was reached at the second count, and then the
counter indicated a lower contamination value. The difference between the last on-line count, an
ISO-code of 10/9, and the first bottle sample could be explained with the use of another
sampling hose.
4.3

Final gear

The final gear contamination degree was measured with the ICP-technique, a particle counter
and a PQ-instrument (Massoudi, 1994, Leao, 1996, Lundberg, 2000). For the final gear the
sampling with a vacuum pump was performed after 1 minute, resulting in sample 1. Sample 2
was withdrawn after 5 minutes. A sample from the drain-plug was taken directly after sample 2
and was called sample 3. This sample was taken from the oil stream after the initial oil was
emptied from the gear, so that the sampling of bottom sludge and settled contaminates would be
reduced. Before the samples were taken, the truck was warmed up so that the particles in the oil
would be well mixed. Before the measurements with the particle counter and the spectroscopic
analysis could be carried out, the oil was diluted 27 000 times and 16 times, respectively. This
high dilution factor was necessary because of the very high contamination degree of the
samples. The results are presented in Table V Oil sample measurement results, final gear.
Table V. Oil sample measurement results, final gear
Method
Sample 1
Sample 2
Bottle (directly)
Bottle (after 5 min)
Stationary particle
counter (ISO)
ICP, Fe-content
(PPM)
PQ (PQ-value)

28/24

29/24

Sample 3
Bottle (directly after
sample 2)
28/24

2903

2969

2892

1635

1778

1556

From Table V it is seen that the particle counter result for sample 1 and sample 3 is an ISO-code
of 28/24, and that sample 2 shows the highest degree of contamination, an ISO-code of 29/24.
The spectroscopic result for the Fe-content of sample 1 is 2903 PPM, for sample 2 the value is
2969 PPM and for sample 3, 2892 PPM. Again sample 2 shows the highest contamination
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degree, while sample 3 shows the lowest. The PQ measurements show the same pattern, with
sample 2 having the highest value, 1778, and sample 3 the lowest, 1556. The results indicate
that sampling from the drain-plug gives the lowest contamination degree.
A possible explanation as to why the sampling from the drain-plug shows a lower contamination
degree than the vacuum sampling could be that there are only small particles in the oil, i.e. there
is a small settling velocity. This would make all the samples have the same contamination
degree, and the difference in contamination degree would only be a natural variation resulting
from the measurement and sampling techniques. A preliminary result of an investigation of the
measurement variation of the PQ-apparatus and the ICP technique, conducted by the author,
indicates that the PQ-apparatus has a large variation in its measurements. Concerning the high
values obtained in the ICP measurements, the preliminary results also indicate that they are
within the measurement variation. However, another explanation as to why the vacuum pump
sampling shows a higher contamination degree could be that, when vacuum sampling, the hose
came into contact with either the wall or the sump.
4.4 Gearbox
The gearbox contamination degree was measured with the ICP-technique, a particle counter and
a PQ-instrument. For the gearbox the sampling with the vacuum pump was performed after 1
minute, resulting in sample 1. Sample 2 was withdrawn after 5 minutes. Before the samples
were taken, the truck was warmed up so that the particles in the oil would be well mixed. Before
the measurements with the particle counter, the oil was diluted 900 times. This high dilution
factor was necessary because of the high contamination degree of the samples. The results are
presented in Table VI Oil sample measurement results, gearbox.
Table VI. Oil sample measurement results, gearbox
Method
Sample 1
Bottle (directly)
Stationary particle counter (ISO)
22/19
ICP, Fe-content (PPM)
18.9
PQ (PQ-value)
26

Sample 2
Bottle (after 5 minutes)
21/18
19.7
21

Table VI shows that the particle counter result for sample 1, taken directly from the system, was
an ISO-code of 22/19. Sample 2 has a slightly lower contamination degree, an ISO-code of
21/18. The spectrometric measurement of the Fe-content indicates that sample 1 has a lower
contamination degree, 18.9 PPM, than sample 2, 19.7 PPM. The PQ-value of sample lis 26 and
for sample 2, 21. The results are inconsistent and indicate that none of the samples is cleaner
than any of the others, since the differences between the two samples are so small in all the
measurements. These values are probably within the margin of error of the particle measurement
instrument.
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4.5

Summary of results

The results from the different systems are summarised in Table VII below.
Table VII. Summarisin table
Hydraulic
(field)

System
Sample

1
first
count

2
last count,
after 2 min

Method
On-line
particle
counter
(ISO)
Particle
counter
(ISO)
ICP, Fe
(PPM)
PQ
(PQvalue)

Final gear

Hydraulic
(laboratory)
1
bottle,
direct-

3
bottle,
directly
after online
Not
possible

4
bottle, 21
flushed

Not
possible

-

ly

2
bottle,
after 5
min

-

-

-

2
bottle, 101
flushed

ly

1
bottle,
direct-

Gearbox
(filtered)

.(unfiltered)

3
bottle,
directly
after
sample 2

1
bottle,
directly

2
bottle,
after 5
min

-

14/13

Lower than
10/9

Not
possible

Not
possible

11/8

10/7

13/10

11/10

28/24

29/24

28/24

22/19

21/18

Not
possible

Not
possible

3.61

3.66

2.75

2.52

2903

2969

2892

18.9

19.7

Not
possible

Not
possible

Not done

Not done

Not done

1635

1778

1556

26

21

Not
done

One of the difficulties in taking samples with the vacuum pump was that it was hard to hold the
hose fixed at one position. This means that it could reach the wall or the sump and sample nonrepresentative oil. Another difficulty was not knowing what position to hold the hose at; holding
it at a position unrepresentative of the system, for example in the sump, gives the wrong result.
The simplest way to avoid the problems would be to apply the drain-port sampling technique
(Fitch, 2000, Berg 2000). For the valve sampling there were really no difficulties; factors that
can cause problems are the environmental contamination and the cleanliness of the bottles.
For the gear systems it can be seen that the filtered system, the gearbox, has as expected a much
lower contamination degree than the unfiltered. The final gear had, of course, a higher mileage
and was working under harder conditions. It can also be seen that the results do not differ to a
great extent between the investigated sampling techniques. For both the final gear and the
gearbox samples it can be concluded that, when dealing with a very contaminated system, the
choice of sampling technique is of less importance. A sampling technique that is more sensitive
is required if differences in the results are to be obtained. It can also be concluded that the ICP
measurements and PQ measurements show agreement in their results. The time taken to reach
the measurement point is not critical using the investigated sampling methods, since they seem
to show the same results. For dirty systems, like gear systems, above an ISO 22/19, 21/18, the
sampling techniques are equally good.
Since the hydraulic systems have a high filtering degree, these samples show an overall low
contamination degree, and the results indicate that flushing the sampling points lowers the
contamination degree. It can also be seen that the last count of the on-line counter shows lower
contamination than the bottle samples. It can be concluded that for clean systems, like hydraulic
systems, below an ISO 13, the sampling and measurements are of importance.
One explanation of the higher degree of contamination of the bottle samples, besides the higher
risk of contaminating the sample before measurement, could be the amount of sample
withdrawn and the flow rate during sample withdrawal. The higher flow rate for the bottle
sampling could make particles stick in the valve and other high velocity areas could come loose
and add contaminants to the bottle samples. Another reason for the lower contamination degree
10

measured by the on-line counter could be that only a small amount is withdrawn at a low
velocity. This could mean that only the particles near the valve are being sampled and therefore
the method is missing particles.

5

Specification and evaluation of merit number

To be able to choose which of the sampling techniques, on-line sampling, dynamic valve
sampling, vacuum pump sampling or drain-plug sampling, should be applied to which system,
an evaluation with the help of the so-called requirement tree method was performed (Pahl,
1996). The basic principle of this method is that a number of primary requirements are arranged
logically and weighted in relation to each other. The weighting value assigned to the
requirements is determined by comparing the requirements with each other. The different
techniques under examination received a grade that shows how well each respective requirement
was fulfilled, after which the weight was multiplied by the grade. When we worked through the
whole requirement tree, each technique received a merit number, which was used for deciding
which technique works best on the system in question.
5.1 Requirements
Four requirements, denoted by R1-R3, were identified for the application of the requirement tree
method. "Easy to take a sample" was denoted by RI . Ease of sampling is required, because a
difficult sampling procedure would involve special training and the risk of error would increase.
The easiness depends on the system and on the sampling method. It is important that there is a
low contamination risk after the sample is taken, and R2 was used to denote the method's
contamination risk, from the time when the sample was taken to the actual measurement. R3 was
used to denote the method's ability to take a representative sample of the system, disregarding
the contamination risks after the sample is taken.
The weighting of each requirement was evaluated by comparing the requirements with each
other, see Table VIII. This means that the rows were compared with the columns in the
following manner: 0 = less important, 1 = equally important, 2 = more important.
Table VIII. Evaluation of re uirement weights.
Parameter
Easy
Low contamination risk
Representative
Total sum

R1

R2

R3

Easy

Low contamination risk

Representative

Sum

Weight

0
1
1

1
4
4
9

0.111
0.444
0.444
1

1
2
2

0
1
1

The next step was to establish a linear grade system for all the requirements, see Table IX.
Table IX. Reciuirement grade system.
Grade
1
2
3
4
5

Meaning
Much less than average result
Less than average result
Average result
Better than average result
Much better than average result

The next step was to define the grades from Table IX with the results from the field test and the
requirements see Table X.
11

Table X. Chart correlating parameters with value scale
Grade 1
Grade 2
Grade 3
Grade 4
Grade 5

RI
Easiness
Extremely complicated
Complicated
Average
Simple
Extremely simple

R2

Low contamination risk
Bottle samples with open cap
Bottle samples without opening the cap
On-line
In-line

R3
Representative
Drain-plug
Vacuum pump
Valve sampling
On-line
In-line

The next step was to grade the sampling techniques and calculate their merit numbers for the
two different types of system, see Table XI for the hydraulic system and Table XII for the gear
system. In Table XI and XII the total merit number, for each method, is calculated as the sum of
the inverse of the parameter merit numbers in question (1/(total merit number) =1/R1 + 1/R2
...1/Rn) and as the sum of the parameter merit numbers in question. By calculating the total
merit number as the sum of the inverse of the parameter merit numbers in question, a weak point
analysis is included in the approach. This means that, if a method has a weak point, i.e. a low
merit number for one of the requirements, it will be shown more prominently in the total merit
number.
Table XI. Hydraulic system's merit numbers.
Parameter

Weight

Easy
0.111
Low contamination risk
0.444
Representative
0.444
Total merit ( R=1/(sum 1/R))
Total merit (sum R)

Bottle sample, Bottle sample
valve
container,
vacuum pump
Grade Merit Grade Merit
5
0.555 3
0.333
2
0.888 2
0.888
3
1.333 2
0.888
0.27
0.19
2.78
1.38

Bottle sample,
On-line
tap in container
Grade
5
2
1

Merit
0.555
0.888
0.444
0.19
0.94

Grade
3
4
4

Merit
0.333
1.776
1.776
0.24
3.85

Table XI shows 4 types of sampling techniques, where bottle samples from a valve and on-line
sampling have been investigated. Sampling with a vacuum pump and a drain-plug has only been
tested on the gear system, but has been included in this evaluation of merit numbers anyway. It
must also be said that, if one requires as much information as possible about the contamination
in the oil, bottle samples must be taken, which indirectly disqualifies the on-line method, unless
of course the on-line apparatus is able to withdraw bottle samples. However, it is not always
necessary to acquire so much information and then the methods can be compared.
In Table XI it can be seen that sampling from a valve has a merit number (sum 1/R) of 0.27,
which is the highest. The on-line method has the merit number, 0.24. The bottle samples from
the tap and the vacuum pump have a merit number of 0.19. If a comparison with the other merit
number calculation (sum R) is made, one can see that the on-line particle counter has advanced
in the ranking and has a merit number of 3.85, and the second highest is sampling from a valve
with a merit number of 2.78. The merit numbers of bottle samples from a tap and a vacuum
pump are the lowest.
It seems that different results are obtained with the two different ways of calculating the total
merit number This behaviour of the total merit number can be explained. Looking for the weak
points of the methods, it can be seen that the on-line method has one weak point, the
requirement that the method has to be easy (R1). This weak point will lower the merit number
based on the inverse summation for the on-line method so much that the other advantages of the
method are erased. This depends on the properties of the function 1/R, in that, as R decreases to
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zero, 1/R increases to infinity. A merit number close to zero will give an exceptionally high
value, while another merit number closer to one will then be very small and negligible compared
with this value. When the total merit number is calculated, only this value will have contributed
and only the weak point of the method will be seen. By using the summation of the parameter
merit numbers in question, the effect of the weak point will not be as prominent and will
perhaps be more reasonable. The advantage of the inverse summation in calculating the total
merit number is that it will reveal weak points that are not so obvious.
The merit numbers (sum R) for the hydraulic system indicate that, if money is no problem or
one possesses an on-line particle counter, this method should be used. Otherwise a bottle sample
from a valve should be used if a substantial amount of information about the system is required.
Table XII. Gear system's merit numbers.
Parameter

Weight

Easy

0.111
0.444
0.444

Low contamination risk
Representative
Total merit ( R=1/(sum 1/R))
Total merit (sum R)

Bottle sample,
vacuum pump

Bottle sample,
drain-plug

Bottle sample,
drain-plug tube

Grade
3
2
2

Grade
5
2
1

Grade
5
2
3

Merit
0.333
0.888
0.888
0.19
2.11

Merit
0.555
0.888
0.444
0.19
1.89

Merit
0.555
0.888
1.333
0.27
2.78

Table XII shows three types of sampling, of which drain-plug tube sampling has not been tested
in the present research work. It can be seen that drain-plug sampling and vacuum pump
sampling have the same merit number (sum 1/R), 0.19. However, the drain-plug tube sampling
method receives a merit number of 0.27, which is better than both the other methods. The weak
point analysis that was introduced shows that none of the methods have any weak point and is
therefore consistent with the calculation of the merit number using the sum of the parameter
merit numbers in question.
The merit number for the gear system indicates that drain-plug tube sampling should be used,
and, if that is not possible, vacuum pump or drain-plug sampling should be used.

6

Selection of method

From the point of view of merit numbers, it is obvious that for the hydraulic system on-line
sampling is preferable, unless information on the different elements in the oil is required or
money is a problem. If that is the case, a bottle sample from a valve should be taken.
For the gear system an on-line technique would probably also be preferable. There are not any
commercial on-line systems for truck gearboxes available today, nor is dynamic sampling from
a valve feasible. Of the tested methods, drain-plug sampling shows the highest merit number,
which is because of its ease of use and because it did not show any different result for the
measured contamination compared with vacuum pump sampling. The drain-plug tube technique,
which was not tested, shows the highest score and should be worth introducing for sampling
gearboxes.
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7 Conclusions
From this survey the following conclusions can be made.
•
•

•
•
•

In hydraulic systems on-line sampling is preferable, unless information on the different
elements in the oil is required, in which case a bottle sample from a valve should be taken.
The flushing of valves decreases the measured contamination degree in hydraulic systems
and is a necessity if representative values of the system's contamination degree are to be
obtained.
Bottle sampling from a gear system, with a vacuum pump or from the drain-plug is equally
good, if the system is dirty.
The time taken to reach the measurement point is not a critical factor using the investigated
sampling methods.
For dirty systems above an ISO 22/19, 21/18, the sampling techniques are equally good. For
clean systems below an ISO 13, the sampling and measurements are of the utmost
importance.
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