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Oil Quality in Diesel Engines With On Line Qil Cleaning
Using a Heated Lubricating Oil Recycler
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SYNOPSIS

A method of cleaning the oil on line was investigated
using a bypass fine particulate filter followed by an infra
red heater to remove water and light diesel fractions in
the oil. This was tested on a range of on road vehicles
and a Ford 1.8 litre IDI passenger car engine on a test
bed. Comparison was made with the oil quality on the
same vehicles and engines without the on-line recycler.
Test times were from 200 to 1500 hours of oil ageing and
some of the tests showed that the oil quality was still
good after 4 times the normal oil life. The results showed
that the on line oil recycler cleaning system reduced the
rate of fall of the TBN and rate of increase of the TAN.
There was a very significant reduction in the soot in oil
and the fuel dilution. There was also a consistent reduc-
tion in all the wear metals apart from copper and a
decrease in the rate of reduction of oil additives. There
was also measured on the Ford IDI engine a 5% reduced
fuel consumption. Many of these effects were attributed
to an influence of the cleaner oil on reduced engine
deposits.

INTRODUCTION

Modern low emission engines have a low oil consumption
in order to reduce the unburnt lube oil fraction of the par-
ticulate emissions. This results in a lower rate of topping
up of the oil and a possible greater rate of deterioration of
the oil. In older engines the higher soot emissions result
in higher soot in the oil. For both types of engines there is
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concern over oil quality (1-21) and the contribution of the
oil to engine out emissions.

Diesel particulates are composed of carbon, ash, sul-
phates and a volatile fraction which is mainly vaporised
lubricating oil. Lubricating oil also contributes to the car-
bon emissions through the combustion of lube oil in the
cylinder. Both of these sources of particulates are influ-
enced by the physical properties of the lubricating oil, vis-
cosity and volatility, and these properties vary with the
age of the lubricating oil. This is because of the accumu-
lation of soot in the oil as well as water and unburnt fuel.

Future diesel emission legislation requires the emissions
to be maintained over long distances of the order of
100,000 km and this combined with the low lubricating oil
consumption required for low diesel particulate emissions
can result in the lubricating oil age influencing the deteri-
oration of emissions with distance. This work is con-
cerned with a technique to keep oil clean, extend its life
and reduce the increase in emission that occurs with
aged oil.

At the same time as these emissions regulations have
come into force, the trends in the diesel design towards
higher ring zone temperature and pressure, piston rede-
sign for higher top rings and higher piston temperatures,
and extended service interval requirements are making it
increasingly difficult to control deposit formation in the
engine with traditional oil additive technology (22). Diesel
deposits can be classified into two types: ring zone and
piston skirt deposits (varnish). The higher ring zone tem-
peratures (325-360C) promote thermal degradation of
the lubricating oil and unburned/oxidized fuel



components producing a ‘carbon’ deposit. At relatively
low piston skirt temperatures (200-260C) a varnish type
deposit predominates (22).

The primary source of piston deposits is the lubricant and
lubricant oxidation is the primary cause of deposit forma-
tion (22). Diesel engine deposits also increase with the oil
consumption (23), the piston temperatures (24) and the
oil soot content (24). Engine deposits are a source of
unburnt hydrocarbons through absorption and they also
act as a cylinder insulation which increases NOx emis-
sions because of the higher cylinder temperatures (25).

Qil viscosity also increases with the oil soot content (16,
26-28) which typically accumulates at a rate of 4% of the
engine particulate mass emissions (14, 29). This results
in the oil consumption increasing with the increase in vis-
cosity (30) and also the fuel consumption increasing due
to the increase in viscosity. Consequently, on line oil
cleaning can result in reduced soot in the oil and in
reduced fuel and water oil dilution and both of these
effects can result in reduced engine deposits and a
reduction in oil consumption. The reduced engine depos-
its can also result in reduced engine friction and hence
reduced fuel consumption. Thus, improved oil quality can
have additional benefits apart from the extended oil life.

THE ON LINE OIL RECYCLER

A method of continually cleaning the engine oil on line
was investigated that was based on the combined effects
of a bypass fine oil particulate filter with a 5-6 micron filter
element followed by an infra-red dome heater which
heated the oil to 135C as it flowed over a conical cascade
into a drain return to the oil sump. This cascade also
acted as an oil degassing element and this action can
reduce erosion wear in bearings (21).

The gases evolved were vented through the centre of the
dome heater to the engine inlet air. These gases were
collected in an ice trap and analysed and it is shown
below that they were mainly water with about 3% hydro-
carbons. The tests were carried out on a stop start cycle
with a fresh start approximately every two hours. This
gives a large number of cold starts which increases the
water in oil and maximises the length of time the oil in the
sump is well below the boiling point of water. Water con-
tamination of oil at a level in excess of 0.1% is one of the
key reasons for changing the lube oil. A higher heater
temperature would be required to distil more of diesel fuel
dilution from the oil and this is being investigated at
present. The use of by pass filters is common in some
large diesel engines, but is not usual in smaller engines
of 6 litres or less.

The bypass filter flow rate was controlled by a small flow
control orifice and the pressure loss across this was
much larger than that across the filter. This was because
the bypass flow rate was set to suit the infra-red heater
capacity to heat the oil. If the flow rate was too high the
temperature rise would be well below the heater temper-
ature. The infra-red heater was controlled by an on-off

temperature controller which resulted in a near sinusoidal
time variation of the temperature with a peak temperature
substantially higher than the mean. This could result in
the effective temperature of the heater, in terms of the
distillation range of fuel in oil components that were
removed, being higher that the mean temperature of the
heater and more closely associated with the peak tem-
perature, which was about 180C.

The flow control orifice also resulted in a filter flow that
did not vary as the filter became loaded with particulates.
The filter flow capacity was of the order of 50 times the
actual flow and typically, even with a loaded filter, the
pressure loss was below 10% at the filter and more than
90% at the control orifice. For a clean filter the pressure
loss was about 98% at the control orifice.

The filter element could be altered to achieve a greater
fineness without affecting the bypass flow rate, as the
increase in the filter pressure loss due to the finer filtra-
tion elements would still not be a major factor in the over-
all recycler pressure loss. Work is in progress to
investigate whether the performance of the oil recycler
system is improved by using filters of the order of 1
micron, as advocated by others (5, 15, 31- 33). However,
the choice in the present work of 5-6 micron particle size
filters was based on advice from hydraulic oil filter manu-
facturers that oil additives could be filtered out if the filter
size was too fine and this may occur with 1 micron filters.

BYPASS FILTRATION

Bypass filters have two basic features: a high filtration
efficiency and a high particulate storage capacity (31).
They reduce the fine particulate matter in the oil leaving
the main filter to remove the larger particulates. Sten-
houer (32) showed that bypass filters removed organic
material, sludge, varnish, resin, soot and unburnt fuel.
His work showed that over 80% of the contaminant
removed by the bypass filter was organic. Bypass filters
can remove the small pro-wear contaminant particles
thus extending engine component life (33). The benefit of
bypass filter was then reduced wear and reduced in cyl-
inder deposits. It is possible to arrange a combination fil-
ter whereby in one housing a main and bypass filter are
arranged (31) with the flow between the two splitting
according to their flow resistances.

CENTRIFUGAL FILTER

Although a filter based bypass filter was used in the
present work, centrifugal bypass filters are also quite
common (33). These are of two types: powered and self
powered and the latter are more common in automotive
applications. A self powered centrifugal oil cleaner uses
the dirty oil pressure to drive the cleaning rotor using cen-
trifugal separation of the high density particles from the
lower density oil. These contaminants collect as a hard
cake on the inside of the rotor which can then either be
cleaned off or disposed of as a unit (33). Centrifugal fil-
ters have an effective particle size removal below 1



micron and have a filtration efficiency that does not dete-
riorate with time (33). They are , however, generally more
expensive initially than filter based bypass filters. One
assessment of bypass filters (34) has determined the
average size rating (50% removal) of a centrifugal filter as
6-10 microns and hydraulic oil filters as 2 micron. They
also estimated that it would take 30 bypass filter changes
before the cost of bypass filtration exceeded that of a
centrifugal filter. This could be 10 years of normal use.
Hydraulic quality bypass filters were used in the present
work with an average size rating of 5-6 microns.

BYPASS FILTER AND HEATER - OIL RECYCLER

The combination of a bypass filter with an oil heater was
first investigated by York (5) and further developed by
Lefebvre (15), they used a one micron bypass oil filter
with a 95C oil heater. York (5) claimed that this system
significantly reduced metal wear and took 10,000 miles to
clean an engine of already dirty oil and once cleared the
oil remained clean with an indefinite life. However, no oil
analysis results were presented.

Fuel dilution and acid pitting were significantly reduced
using this combined bypass filter and oil heater. This is
difficult to understand as diesel oil has no components
that distil at 95C and even water would not be removed at
this temperature. Oil consumption was also reduced and
one example quoted was in excess of an 80% reduction
in the oil consumed in a year. Lefebvre (15) reported the
results of a commercial development of the system intro-
duced by York and confirmed in fleet trials the reduction
in wear metals and also showed that the action of the
heater was to reduce the water in oil and to reduce diesel
fuel dilution (15), but quantitative oil analysis results were
not presented.

The present work investigates an improved design of the
same basic principles and uses a different construction
and does not have direct contact of the oil with the heater
surface as in the work of York (5) and Lefebvre (15). Also
commercial hydraulic oil quality bypass filters were used
not the specially manufactured filters used by York and
Lefebvre. The size of the present units for the same appli-
cation are also substantially smaller and lighter than
those used by Lefebvre and are more easily package into
existing diesel engine installations.

EXPERIMENTAL TECHNIQUES

The experimental evaluation of the bypass heated oil
recycler was undertaken in two parts: a long duration test
on a Ford 1.8 litre IDI engine in the laboratory and a
series of fleet trials with regular oil analysis. In both cases
the engine oils were analysed with and without the Recy-
cler fitted to the same vehicle. The recycler oil heater was
set at 135C for these tests and a hydraulic quality bypass
filter was used with a 5-6 micron mean particle size
removal. The gases vented out of the top of the heater
were collected in an ice trap and analysed by capillary
GC after separation of the water.

THE FORD 1.8 LITRE NA IDI ENGINE TESTS - This
engine was water cooled with a compression ratio of
21.5/1 and had external EGR for NOx control. The
engine was manufactured in 1992. These tests were car-
ried out at an engine speed of 2500 rpm and 47 Nm load
and 12.3 kW power output and this is typical of the low
power output in the ECE Urban drive cycle. At this test
condition the engine uncooled EGR level was 15%. The
test were all carried out at one engine test conditions so
that a mass balance between the engine particulate
emissions and particulate entering the lube oil could be
carried out.

The engine was tested on a stop start cycle with each
running period being about two to three hours and with
one or two running periods per day. The tests were car-
ried out over a period of about a year with engine out of
use periods that reflect actual use. This procedure was
used to age the oil as it is more representative of real
vehicle use compared with continuous long duration test-
ing of the oil.

The cold start is a major factor in oil deterioration and
engine weatr, as this is the time for maximum fuel dilution
and water from the blowby gases as well as maximum
wear in the engine. The particulate emissions are also
higher when the engine is cold and hence particulate
emissions and particulates entering the lube oil are
higher under repeated cold start operation.

The fresh oil was filled to the top of the level indicator and
the present tests were carried out until the oil consump-
tion reduced the oil to the bottom of the minimum level
indicator and this took 220 hours of testing with the recy-
cler fitted. There was no top up oil added during this test
period. The reference tests without the recycler were only
carried out for 100 hours and these were the first tests to
be carried out.

Fig. 1 shows the number of engine starts as a function of
the oil age for the tests with and without the recycler. The
average cycle time was 2.5 hours. The recycler oil flow
rate was such that the total sump oil volume passed
through the bypass filter about 5 times per hour. The total
number of times that the oil sump volume was passed
through the recycler is shown in Fig. 2 as a function of
the oil age. Well over 1000 oil sump cycles through the
bypass filter took place during the 220 hours oil ageing
test or approximately 4 sump volumes per hour.

THE FLEET TRIALS — The fleet trials were carried out
with normal road operation of the vehicles and there was
no control over the journeys. The oil condition without the
recycler was generally only available by analysing a sam-
ple of the oil at the normal oil change. The heated oll
recycler was then fitted and the engine oil changed. Four
vehicles were investigated: Cummins C6 and L10
engines in bus trials, a Gardner 6LXB bus engine and an
old Austin Taxi Cab test. There was no control or record
of the oil topping up during these trials and the results
discussed below clearly show that there must have been



topping up of the oil when the recycler was fitted during a
test that lasted 17000 miles.

THE OIL ANALYSIS - Oil was sampled periodically from
the dip stick using a vacuum pump and syringe with the
sample taken through a flexible tubing located just below
the oil surface in the sump and collected in a small glass
bottle. The volume sampled was noted and taken into
account when the oil consumption by the engine was
determined by draining the sump at the end of the test.

The oil sample was analysed for total base number (TBN)
and total acid number (TAN), viscosity, soot by infra red
and by thermal gravimetric analysis, wear and additive
metals and additive depletion using FTIR. The oil used
was SAE 15W/40 and had a viscosity index for the fresh
oil of 136 and a viscosity at 100C of 14.4 mm2/s and at
40C 108 mm2/s. The main oil analysis was carried out to
current standard methodology at Swansea Tribology Ser-
vices Ltd. and the TGA and FTIR work was carried out at
Leeds University.

The thermal gravimetric analysis (TGA) technique was
used to determine fuel dilution of the oil, carbon and ash
content. The method used a small sample size of approx-
imately 50 mg that was placed in a small bowl hanging
from a microbalance. This was then heated in an oven in
a flow of nitrogen and the weight loss as a function of
temperature was determined up to 700C temperature.
The nitrogen was then switched to air and the heater
increased to give 710C and any carbon in the oil was
burnt away and the remaining weight was the ash in the
oil.

The weight loss in nitrogen was calibrated to enable the
fuel dilution to be determined. This is done on an oil vola-
tility basis and the method cannot distinguish between oil
degradation to give volatile low molecular weight compo-
nents and fuel dilution. The calibration was undertaken
with diesel/lube oil mixtures in the 0.5-5% fuel range and
it was found that a temperature of 290C for the oil and
fuel used in this work enabled the fuel dilution to be
determined as the weight loss up to 290C. In addition to
this the temperature at which the first 1% weight loss
occurred was also determined, as a decrease in this tem-
perature is also indicative of fuel dilution. Full details of
these techniques are given in Refs. 6, 7, 9, 10, 14 and
20.

RESULTS

THE OIL RECYCLER VENT GASES — The gases evolved
from the heated recycler vent in the Ford 1.8 litre IDI tests
were collected in an ice bath and analysed. Fig.3 shows
the water condensed from the vent as a percentage of
the oil in the sump. This would have been the lube oil
water content if the heated recycler had not been fitted.
Throughout the tests the oil analysis showed the water
content to be below 0.1%. One reason for rejecting used
lubricating oil is a water content above 0.2% of the oil and

the recycler helps to prevent this level of water in oil from
occurring.

There were some hydrocarbons also released and a GC
of these is shown in Fig. 4. The large broad peak at 50
minutes into the GC trace was lubricating oil condensed
vapours. The other peaks were not similar to diesel com-
ponents but were in the distillation range of diesel. After
separation of the water the remaining hydrocarbons in
the condensed extract were very low in mass and the
total vented hydrocarbons that were collected in the first
150 hours was 113 mg, roughly 3% of the water col-
lected. This represents a very low fuel dilution of the oil at
0.003% of the oil and higher heater temperatures would
be required if fuel dilution of the oil was a problem.

FUEL DILUTION OF THE OIL — It was found that the
heated recycler did have a measurable influence of the
initial distillation temperature of the oil using TGA analy-
sis. This is shown in Fig. 5 for the Ford IDI engine, which
shows that with the recycler fitted the temperature for the
first initial weight loss of the oil (1% distillation fraction)
was roughly constant with time but decreased without the
recycler fitted. A decrease in the first distillation tempera-
ture is a characteristic of fuel dilution or of oil degrada-
tion that results in lower boiling fractions in the oil. These
results show that even at 135C the oil heater was influ-
encing the initial distillation range of the oil and hence
possibly the amount of fuel dilution. Pyrolysis GC analy-
sis of the used lubricating oil at 0 and 220 hours is shown
in Fig.6 for the oil with the recycler fitted. There is very lit-
tle evidence of diesel fuel dilution in these results. N-
alkanes with carbon numbers of C20, C21 and C22 can
be seen in the lower boiling fractions of the oil. Previous
work by Andrews et al (14) showed that fuel dilution of
the oil was easily seen in Pyrolysis GC analysis of the oil
after 70 hours. Thus, the absence of a major increase in
the fuel component peaks in the 220 hour oil indicates a
control of fuel dilution by the recycler.

The GC traces also show that the aged lubricating oil had
a broader GC trace after 220 hours use, indicating the
formation of a wider range of compounds as the oil ages.
The main increase in the width of the CG trace is towards
longer GC retention times which indicate higher boiling
fractions and larger molecular weight compounds. This
indicates the formation of heavier oil fractions, which is a
sign of oil deterioration.

The fuel dilution, determined using the TGA technique
described above, is shown in Fig, 7 as a function of the
oil age both with and without the recycler fitted. There is a
clear advantage of the recycler, with no fuel dilution
detectable until after 130 hours, compared with 0.8%
after 50 hours without the recycler. This engine has good
control of fuel dilution of the oil. In previous work (14)
using an older Peter AA1 IDI engine the oil fuel dilution
was 4% after 50 hours or five times the rate on the more
modern Ford 1.8 litre IDI engine.
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Thus in spite of the relatively low set point temperature
on the recycler infra-red heater of 135C, there was a
much stronger influence on the oil fuel dilution than would
be expected. This could have been due to the on-off two
step temperature control with the effect of the heater on
the oil being controlled by the peak temperature in the
cycle of about 180C rather than the mean temperature.
Further work is in progress to investigate the influence of
the heater temperature on the control of fuel dilution of
the oil.

OIL VISCOSITY — The influence of oil fuel dilution is to
decrease the oil viscosity, whereas the influence of soot
accumulation in the oil is the increase the viscosity (8, 14,
16, 35). This can result in the oil viscosity as a function of
the oil age first decreasing and then increasing with time.
This can be seen in Fig.8 for the Ford IDI engine without
the recycler. With the recycler the control of the fuel dilu-
tion eliminated the decrease in viscosity due to fuel dilu-
tion and the control of the soot in the oil, discussed
below, resulted in a near constant oil viscosity for the first
220 hours. There was an initial decrease in the viscosity
and this was associated with the burn off of the initial
fresh oil volatile fraction. This also resulted in a large
decrease in the particulate lubricating oil fraction, but this
emissions data will be reported separately.

Figure 8 also shows the trials of the recycler on the Aus-
tin taxi, which shows that the recycler controlled the
increase in the viscosity that occurred without the recy-
cler. The viscosity with the recycler was almost constant
with time for the 240 hours of this trial.

The results from the bus trials with the Cummins C6
engine are shown in Fig.9. This was the longest trial in
this work and Fig. 9 shows that after 1700 hours the oil
viscosity with the recycler fitted was below that without
the recycler at the normal oil change of 400 hours. With
the recycler the viscosity first decreased to a minimum at
400 hours and then slowly increased again as the soot
started to build up in the oil. These results show that with
the recycler system fitted the oil life was at least 4 times
longer than without the recycler. The results for other olil
quality parameters also support this large increase in the
oil life in these trials.

Figure 10 shows the normalised oil viscosity results plot-
ted as a function of time for the Ford IDI, the Austin taxi
and Cummins C6 bus trials for the first 450 hours and all
without a recycler fitted. These are compared with the
results for a Caterpillar engine in Ref. 16 with three differ-
ent oils. These results show a 5% decrease in viscosity
after 50 hours compared with a 10% decrease at the
same oil age in the Ford engine. The increase in viscosity
with soot loading was steeper for the Caterpillar engine
(16) than for the present Cummins C6 results but similar
to the Austin taxi results. This comparison indicates that
the baseline viscosity results in this work are comparable
with other aged oil tests and hence the engines used in
the present tests of the oil recycler were not unusual in
their oil ageing behaviour.

FUEL CONSUMPTION VARIATION WITH OIL AGE -
The fuel consumption was determined at each oil age
test period with and without the recycler fitted for the
steady state condition of 2500 rpm and 12.3 kW power
output. The fuel consumption results are shown in Fig. 11
and have been normalised to the value with clean fresh
oil with and without the recycler fitted. The results show
that without the recycler the fuel consumption increased
by about 5% over 100 hours of oil ageing. This increase
could not be due to viscosity increases, which is the nor-
mal cause of an increase in fuel consumption with oil
age, as Fig. 8 shows that the viscosity decreased over
the first 50 hours which could be attributed to the decom-
position of viscosity index improver additive in the fresh
oil. The formation of in cylinder deposits more rapidly
from fresh oil could be one explanation of these results.

The fuel economy with the oil recycler fitted was very
similar for the first 20 hours and then decreased progres-
sively to a minimum after 120 hours after which there was
a gradual deterioration. These effects were not mirrored
by a corresponding change in the oil viscosity, which Fig.
8 shows initially decreased and then remained approxi-
mately constant. The increase in oil consumption after
120 hours could be due to soot accumulation in the oil, as
discussed below, although this normally affects the fuel
economy through an increase in the oil viscosity. It is
therefore concluded that most of the small effects in Fig.
11 were due to the action of the recycler in minimising the
formation of in cylinder deposits and assisting in the
reduction of existing deposits through the supply of
cleaner oil.

After 100 hours the fuel economy was 8% lower with the
recycler fitted than without the recycler for the same oll
age and engine use over the ageing period. However,
between 70 and 90 hours the economy benefit was
approximately 5%. These results indicate that an addi-
tional benefit of the use of the on line oil cleaning using a
bypass recycler could be a small reduction in the fuel
consumption of the order of 5%. This was considered to
be mainly due to the action of cleaner oil in reducing
deposit formation and hence in reducing engine friction.

SOOT IN THE OIL — The main action of the bypass filter
part of the recycler was to reduce the soot in the oil and
the wear metals. The soot in oil reduction was deter-
mined using infra red absorption for all the engine tests
and by TGA for the Ford 1.8 litre IDI tests. The Ford and
the Austin Taxi results are shown in Fig. 12 using the infra
red absorption measurement of soot in the oil.

The reduction in soot in the oil for the taxi tests was sub-
stantial using the recycler, but at 100 hours was only
slightly lower than without the recycler for the Ford
engine. However, the TGA tests for the Ford engine
showed a very significant influence of the recycler on
reducing the carbon in oil. This was reduced from 0.9%
to 0.3% at 100 hours and even after 220 hours was only
0.5%. Oil would normally be recommended for change
when soot in oil was greater than 1-2%.
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The Cummins C6 bus test results are shown in Fig.14
and again there was a major reduction in the soot in the
oil by the infra-red absorption technique. At the normal oil
change period of 400 hours this had been reduced by a
factor of four with the recycler and even after 1700 hours
the soot content with the recycler was below that without
the recycler at 400 hours. These results show that the
bypass filter, which forms part of the dual action of the
recycler, is effective in reducing soot in the oil at the 5-6
micron filter size that was used. Work is in progress to
examine whether there are further benefits from using
finer bypass filtration.

OIL ADDITIVE DEPLETION - Zinc dialkyldithiophos-
phate (ZDDP) is a dual purpose lube oil additive with
anti-oxidant and anti-wear properties. ZDDP decom-
poses during running of the engine and forms complexes
with metal surfaces and the lubricating properties of the
used oil are maintained by these complexes. Chemical
reaction takes place between the metal surface and the
lubricant additive ZDDP. The products of this type of
reaction are usually low shearing strength and high melt-
ing point compounds such as sulphides and phosphides
and these behave as solid lubricants at high loads and
prevent metal to metal contact (36). Thus ZDDP is
designed to be consumed to some extent before oxida-
tion and wear starts, or in other words before the forma-
tion of carboxylic acids.

ZDDP additives do not work well under cold start condi-
tions, which is one reason for the use of stop/start
repeated cold start ageing of the oil used in the present
work. It is one reason why engine wear is greater under
uses where there are many engine starts a day. Valve
wear in engines has been shown to be increased due to
diesel soot or carbon contamination of the crankcase oil,
in which the antiwear agent is absorbed and thus the
antiwear surface coating is reduced (38). This is likely to
be the route by which the oil recycler produces a reduced
ZDDP loss from the oil, as detailed below, by reducing
the oil soot content and hence the removal of ZDDP by
absorption onto the soot.

ZDDP was determined from FTIR spectra of the used oil.
ZDDP appears around 973 cm -1 very strongly and also
at 670 cm -1 as a stretch absorption band. Previously,
Wooton et al. (37) have shown that ZDDP is depleted
quite rapidly with two thirds disappearing in the first 70
hours and 90% disappearing after 200 hours.

The ZDDP present results in a modern light duty passen-
ger car engine are shown in Fig.15. For the engine with
no recycler fitted the ZDDP depletion was 31% after 100
hours, substantially slower then in the work of Wooton et
al. With the recycler fitted Fig. 15 shows that the ZDDP
depletion was reduced to 22% at 100 hours and was only
58% at 220 hours, which is a much slower rate of deple-
tion than in the work of Wooton et al. (37). The oil recy-
cler made a 30% reduction in the rate of depletion of
ZDDP compared with the base engine results at 100
hours.

The recycler results extrapolated to zero ZDDP indicates
that the oil life in terms of ZDDP remaining was at least
400 hours. However, top up of the oil and ZDDP replen-
ishment was required at 220 hours. The reason for the
reduced depletion of ZDDP was considered to be due to
the reduced soot content and the associated absorption
of ZDDP on the soot. This left more ZDDP for wear pro-
tection and was part of the reason for the reduced wear
metals in the oil, as shown below.

OIL TBN AND TAN — The total base number (TBN) is a
measure of the reserves of alkalinity present in the oil. A
value below 5 is generally regarded as undesirable (38).
The total acid number (TAN) is a measure of the total
amount of both weak and strong organic acidity present
in the oil. Lube oil oxidation can result into conversion
into acids which attack and corrode metals. Lube oils
have a residual total acid number which increases with
use and twice the initial value is usually taken as a crite-
rion to change the oil.

The present TBN results for the Ford 1.8 litre IDI diesel
engine and the Austin taxi are shown in Fig. 16. The
results without the recycler showed a much greater fall in
the TBN with lube oil age than with the recycler fitted. For
the Ford engine the time for the TBN to be reduced to 10
was doubled using the recycler. The lube oil used in the
two tests had different base TBN but both oils had a simi-
lar relative deterioration in TBN with oil age. This is
shown in the normalised TBN results in Fig. 17 which
shows that the two engines had a very similar behaviour
in terms of the TBN reduction as a function of age with
and without the recycler fitted.

The results for the Cummins C6 bus engine are shown in
Fig. 18 and the normalised results are shown in Fig. 19.
Without the recycler the oil TBN deteriorated to an unac-
ceptable number of 2 after 400 hours, but with the oil
recycler fitted the TBN had deteriorated to only 6 after
1700 hours. These results were quite remarkable and
were checked with a different oil and ageing test and a
similar small deterioration in the TBN was found over
1400 hours, as shown in Fig. 20. The three engines used
in this study without the recycler fitted had a deterioration
in TBN that was typical of that reported by others (2, 3),
as shown in Fig. 21.

The TBN results from the Cummins L10 and Gardner
6LXB engine fleet trials are shown in Fig. 22. In these
tests the oil was aged until the normal oil change mileage
and then the recycler was fitted, but the oil was not
changed as it was in the above tests. The results show
that there was a reduction in the TBN up to the 8,000
mile normal oil change, but once the recycler was fitted
there was only a small further deterioration in the TBN.
These tests were carried out with the normal engine oil
top up, which is the reason for the increase in TBN with
the Cummins L10 engine.
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The TAN results for these engines are shown in Fig.23
and these show similar results to those for TBN. There
was an increase in TAN to double the initial value at the
normal oil change mileage. However, when the oil recy-
cler was fitted there was no further deterioration in the
TAN.

The TAN results for the Ford and Austin taxi engines are
shown in Fig. 24. For both engines the increase in the
TAN was substantially reduced when the oil recycler was
fitted. The relative effect was greater in the older Austin
taxi engine then in the more modern Ford engine, as
shown in Fig.25.

The Cummins C6 TAN results are shown in Fig. 18. The
TAN increased to twice its initial value at the normal oil
change period of 400 hours. With the oil recycler fitted
this increase was drastically reduced and took 1500
hours to reach the TAN level that was reached in 400
hours without the recycler. These results are shown nor-
malised to the initial TAN value in Fig. 26. Comparison
with Fig. 25 shows that there was a greater improvement
in the TAN deterioration for the Cummins C6 engine than
for the Ford or Austin taxi. These three test engines had
different rates of TAN deterioration, but the normalised
results were similar to the trends reported by Miyahara et
al. (12) for four different oils, as shown in Fig. 27.

Wear Metals in the Aged Oil — The cleaner oil with less
soot using the bypass filter results in a lower depletion
rate of the anti-wear additive ZDDP, as detailed above.
This should result in lower engine wear. Also the cleaner
oil forms lower in cylinder deposits and allows existing
deposits to be burnt away in the engine. These lower
deposits will also result in less valve, piston ring and liner
wear. All the results for wear metals in the used oil for all
the engine trials, shown in Figs 28-39, demonstrate that
the recycler acts to reduce wear metals in the oil and
hence reduces engine wear.

Fig. 28 shows the lube oil iron content for the Ford IDI
tests and the Austin Taxi tests. Sources of iron in engine
wear debris are from the cylinders, gears, crankshaft,
camshaft and bearings. The oil recycler had the greatest
influence on oil iron content in the taxi, with the iron
reduced by about two thirds at 220 hours. For the Ford
engine tested on the stop start cycle the oil iron content
was reduced by about 50% at 100 hours using the recy-
cler. None of the iron contents in Fig. 28 are of concern
as 100 ppm iron is the usual level at which a warning is
issued in oil condition monitoring and 200 ppm is a typi-
cal oil condemnation limit (34,39).

The Cummins C6 bus results in Fig. 29 also show a
marked reduction in the oil iron content using the recy-
cler. At the normal oil change interval of 400 hours the
iron content was reduced by 50%, a similar reduction to
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the Ford IDI engine test results. Also after 1700 hours of
use with the recycler fitted the iron content had only just
reached the limit at which an oil quality warning is issued
on the basis of the iron content being excessive.

Cooke (8) also reported the influence of oil age on wear
metals over a 300 hour test on a DDC Series 60 engine
with no oil top up, for two piston compression ring
designs. Their results showed that the iron content
increased to 100 and 80 ppm after 300 hours and the
increase was nearly linear with time. After 100 hours the
iron content was 35 and 20 ppm. These are comparable
with the present baseline results without the recycler in
Figs. 28,29 and 36.

Chromium in engine oil usually comes from cylinder lin-
ers, piston rings and rolling element bearings. The
present results for oil chromium levels are shown in
Fig.30 for the Ford IDI and Austin taxi tests and in Fig. 31
for the Cummins C6 tests. For all the tests the recycler
reduced the chromium in the oil. The reduction was
greatest for the Austin taxi (78% at 100 hours) and least
for the Ford engine (40% reduction at 100 hours) and
intermediate for the Cummins C6 at 60% at 350 hours. A
warning level limit of Chromium in oil is 10ppm (34,39)
and a condemned limit is 30 ppm (34). In none of the
tests was the 10ppm limit reached, although after 17000
miles with the recycler the Cummins C6 engine was just
approaching 10ppm in the oil.

Lead in used oil arises from bearing wear and from
greases and paint, the main source in the present work is
likely to be from bearing wear. A warning limit on oil lead
content is normally issued at 25 (39) -30 ppm (34) with a
condemned oil limit of 60ppm lead. The present lead
results are shown in Figs 32 and 33 for the Ford, Austin
taxi and the Cummins C6 engines. For all three engines
fitting the recycler reduced the oil lead content for the
same oil age, indicating a reduction in bearing wear. In
none of the tests was the minimum wear limit of 25ppm
reached.

At 100 hours the lead was reduced by 73% with the recy-
cler for the Austin taxi tests and 53% for the Ford engine.
For the Cummins C6 engine at 450 hours the lead was
reduced by 87% and even after 1700 hours with the
recycler fitted the lead content was only 13 ppm. Cooke
(8) reported lead wear metal data in oil for a DDC Series
60 engine for two piston compression rig designs. The
test was carried out over 300 hours with no oil top up.
The results showed a near linear increase in lead in the
oil with time and a peak value after 300 hours of 100 and
165 ppm and 30 and 70 ppm after 100 hours. Compari-
son with the present results in Figs. 32,33 and 38 shows
values well below these levels without the recycler fitted,
which could mean that the present engines had less
bearing wear than the DDC engine.
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Copper in oil can arise from wear on bearings and worn
gears and the limits that the oil would be reported at
being a problem are 20 (39)-30 ppm(34) and oil is nor-
mally condemned at 60 ppm copper. The present cop-
per results are shown in Fig. 34 and 35 for the Ford,
Austin Taxi and Cummins C6 bus tests. In all three cases
the fitting of the recycler resulted in a large increase in
the copper in the oil. For the Ford and Cummins C6 tests
the copper levels increase to the level where the oil would
be condemned if the copper had originated from engine
metal wear.

All the other wear metal results show that wear was
decreased by the recycler and hence there had to be a
source of copper in the recycler to explain the increased
copper in the oil. The source of this additional copper is
attributed to be the dome heater which includes copper in
its construction. The oil should not be in contact with the
copper, but in practice it must be as this is the only cop-
per in the recycler construction. The dome heater con-
struction will be modified in the future to remove the
copper.

The Cummins L10 and Gardner 6LXB results for the
wear metals are shown in Figs. 36-39. These engines
were tested differently and the oil was aged without a
recycler up to the normal oil change period, then the
recycler was fitted but the oil was not changed and the
engine continued to operate. The results have been plot-
ted with time zero as the time of fitting the recycler and
the operating time without the recycler after the clean oil
change is plotted as negative time. All the results showed
a rapid increase in the oil metal content before the recy-
cler was fitted followed by a much lower rate of increase
in lube oil metals after the recycler was fitted, apart form
copper, which continued to increase.

The Cummins L10 was tested for 25,000 miles without an
oil change after fitting the recycler (32,000 miles since
the last oil change). At the end of this period none of the
wear metals were near the normal warning limit. This
confirms the TAN and TBN results reported earlier that
the oil was still in a useable state after 32,000 miles with
the recycler fitted for the last 25,000 miles. This is an oil
life extension that is over 4 times the original life with the
recycler fitted and hence the oil change period could be
drastically increased using the recycler.

The Gardner engine was older than the Cummins and
the wear metals at the normal oil change period were
much higher than for the Cummins C6 engine. However,
on fitting the recycler there was little further deterioration
of the oil wear metals. The oil quality after 15,000 miles
with the recycler (23,000 miles oil age) was still satisfac-
tory and there were no oil quality parameters that indi-
cated the oil should be changed. The monitoring of this
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test ceased at 15,000 miles and the final oil life is not
known but the 15,000 miles with the recycler is twice the
normal oil change period. However, the recycler test was
not with fresh oil and hence the oil life with the recycler
will be at least three times the normal oil change period
for this engine.

OIL ADDITIVE METALS - QOil additives for detergency,
antioxidation and dispersency actions contain the metals
calcium, zinc and phosphorus. These elements in the
lube oil were analysed for the Ford and Austin Taxi tests
and the results are shown in Figs. 40-42. None of these
results showed a major decrease in oil additive metals
during the period of the test and this was also found by
Cooke (8). Cooke showed that additive metals could
increase during tests with no oil top up. The reason was
that the consumption of oil reduced the oil sump volume
and this increased the concentration of the additive if
none had been consumed.

The recycler had no consistent influence; for the Ford
engine the recycler increased the calcium relative to the
results with no recycler, but for the taxi engine the reverse
occurred. Calcium also increased significantly in the ini-
tial test period for the Cummins C6 tests, as shown in
Fig. 43. The other additive metals also had similar trends
to calcium. There was little evidence that the bypass filter
used in the present work could filter additives out of the
used oil as well as particulates.

OIL CONSUMPTION — A low diesel engine oil consump-
tion is an important design method to reduce particulate
emissions. The oil consumption was determined from the
Ford engine tests by the drain and weigh technique, tak-
ing into account all the oil samples removed for analysis.
The fuel dilution of the oil was also determined and the oil
consumption corrected for this. The average oil con-
sumption over the 220 hour test period with the recycler
fitted was determined as 0.23 g/KWHr or 0.075% of the
fuel consumption.

Unfortunately, in the tests without the oil recycler the test
was prematurely ended by an unauthorised oil top up that
was not quantified and hence the oil consumption could
not be determined by the drain and weigh technique.
Instead the all consumption was determined by the oil
calcium balance technique. This is based on an analysis
of the calcium in the oil and the calcium on the particulate
filter paper and is fully detailed in Ref. 20. At the 2500
rom 12 kW condition of the present work the oil con-
sumption of the Ford engine without the recycler was
0.20% of the fuel, a factor of 2.7 increase on the oil con-
sumption comparing with the recycler fitted. The reduced
fuel dilution with the recycler was one factor that contrib-
uted to this reduced oil consumption.
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FIG.33 USED OIL'S LEAD ON BUS TEST
14 14
CUMMINS C6, 15W/40
124 —0— WITHOUT RECYCLER F12
[—®— WITH RECYCLER .

10 - -/ 10
8 o -8
6 L6
4 L4

L ]
2 / L2
L ]
0 T T T 0
0 500 1000 1500 2000
Lube oil age hrs
FIG.35 USED OIL'S COPPER ON BUS TEST
40
35 35
..
30 30
L]

254 T 25

® ®

20 o I 20
15 - L15

UMMINS C6, 15W/40
10 - 0— WITHOUT RECYCLER 10
o ®— WITH RECYCLER
5 L5
0 T T T 0
0 500 1000 1500 2000

Lube oil age hrs

14

oil's lead concentration ppm

oil's copper concentration ppm

FIG.36 IRON CONTENT VARIATION BEFORE AND AFTER
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FIG.32 USED OIL'S LEAD CONTENT ON
FORD1.8 AND TAXI TESTS

25 25
204 L 20
15 L 15
A
10 L 10
5| s
. —e—FORD1.8,WITH RECYCLER
—0—FORD1.8,WITHOUT RECYCLER
—A— TAXI,WITH RECYCLER
04 —A—TAXI,WITHOUT RECYCLER Fo
T T T T T T T
0 50 100 150 200 250 300 350 400
Lube oil age hrs
FIG.34 USED OIL'S COPPER CONTENT
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FITTING OF THE RECYCLER ON BUS TEST
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FIG.37 CHROMIUM CONTENT VARIATION BEFORE

AND AFTER THE FITTING OF RECYCLERS
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F1G.39 COPPER CONTENT VARIATION BEFORE
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FIG.41 ZINC IN THE OIL ON TAXI AND FORD1.8
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FIG.38 LEAD CONTENT VARIATION BEFORE

AFTER THE FITTING OF RECYCLERS
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FIG.40 CALCIUM IN THE OIL ON TAXI AND FORD1.8
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FIG.42 PHOSPHORUS IN THE OIL ON TAXI AND
FORD1.8 TESTS COMPARING WITH REFERENCES
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FIG.43 ADDITIVE METALS ON THE BUS TEST
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CONCLUSIONS

. An oil recycler, which combines a 5-6 micron bypass
filter with a 135C infra red heated dome has a com-
bined action of removing particulate material from the
used oil onto the bypass filter and removing water
and volatile oil and fuel dilution components at the
heater. The combined action gives on-line cleaning of
the oil and a greatly extended life.

. A 1.8 litre Ford passenger car IDI diesel with EGR for
NOx control was tested, with and without the recycler
fitted, in the laboratory for 220 hours on a stop start
2.5 hours average cycle time with up to a week of
cold soak between some tests. These results
showed a significant reduction in the oil fuel dilution
and water content using the recycler. There was also
a small 5-8% reduction in the fuel consumption.

. The bypass filter was effective in removing soot from
the oil as measured by infra red absorption and by
TGA analysis for the Ford engine tests. Carbon in
soot was 0.5% after 220 hours with the recycler com-
pared with 0.9% after 100 hours without the recycler.

. The oil recycler reduced the removal of the wear pro-
tection additive ZDDP, due to the reduced oil soot
content and the associated absorption of ZDDP onto
the soot.

. The recycler on the Ford engine was shown to
decrease the deterioration in TBN with time and to
reduce the increase in TAN with time and together
this results in a large extension in the oil life.

. All the main wear metals in the oil were reduced on
the Ford engine when the recycler was used.

. Four on-road vehicle tests were carried out on Cum-
mins C6 and L10 engines in buses, and Austin taxi
and a Gardner 6LXB bus engine. All the findings in
the Ford engine tests were confirmed in the on-road
tests. The extension of the oil life by a factor of four
was demonstrated for the Cummins C6, a factor of

16

five for the L10, a minimum factor of three for the
Gardner engine. The oil life with the recycler was not
determined for the Austin taxi engine and the Ford
engine tests are still in progress. It may safely be
concluded that with the oil recycler fitted a minimum
doubling of the oil life can be achieved, with many
applications showing a greater life than this.

8. The recycler on the Ford engine was also shown to
decrease the oil consumption rate, thus requiring
less topping up of the oil. An oil consumption over the
220 hour test of the recycler on the Ford engine was
determined as 0.23 g/KWHr or 0.075% of the fuel.
This compares with some of the best oil consump-
tions published. Without the recycler the oil con-
sumption was 0.20%, giving a factor of three
reduction in oil consumption with the recycler fitted.

ACKNOWLEDGEMENTS

We would like to thank Top High UK for a research schol-
arship to Hu Li and for a research contract. We would like
to thank Phil Locke of MTL Trust Holdings Ltd. for arrang-
ing and co-operation on the Bus fleet trials using the
Cummins C6, L10 and Gardner engines. These trials
were carried out in London and Liverpool.

REFERENCES

1. Mayer,W.J., Lechman,D.C. and Hiden.D.L., “The contribu-
tion of engine oil to diesel particulate emissions”, SAE
8002

2. Schmidt,G.M. and Michael,M.l., “Performance of multi-
grade oils in off-highway diesel engines”, SAE 801348

3. Clevenger, J.E and Rozalsky.l., “Influence of oil drain
period on connecting rod bearings in linehaul diesel truck
engines”, SAE801369

4. Hiden, D.L. and Mayer, W.J., “The contribution of engine oil
to particulate exhaust emissions from lighy duty diesel
powered vehicles”, SAE 841395

5. York, M.E., “Extending engine life and reducing mainte-
nance through the use of a mobile oil refiner’, SAE831317

6. Williams, P.T., Andrews, G.E. and Batrtle, K.D., “The role of
lubricating oil on diesel particulate and particulate PAH
emissions”, SAE872074

7. Abbass, M.K., Williams, PT., Andrews, G.E. and Bartle,
K.D., “The ageing of lubricating oil, the influence of unburnt
fuel and particulate SOF contamination”, SAE 872085

8. Victor, B.Cooke, “Lubrication of low emission diesel
engines, Partl and Part2”, SAE 900814

9. Andrews, G.E., Abbass, M.K., Abdelhalim,S., Y. Shen,
Williams, P.T. and Bartle, K.D., “The determination of the
lubricating oil fraction of diesel particulates”, The 1991
European Aerosol Conference, J. Aerosol Sci., Vol.22,
Sppl.1, pp. 5459-5462, 1991.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Abbass, M.K., Y.Shen, Abdelhalim,S., Andrews, G.E. and
Williams, P.T., “Comparison of the methods for the determi-
nation of the SOF of diesel particulates and development of
a rapid TGA method for the estimation of the unburnt fuel
and lubricating oil fractions”, .Mech.E. Seminar on Exper-
imental Methods in Engine R&D, pp. 109-114, MEP, 1991

M.Miyahara, Y.Watanabe, Y.Naitoh, K.Hosonuma and
K.Tamura, “Investigation into extending diesel engine oil
drain interval(Part1)-oil drain interval extension by increas-
ing efficiency of filtering soot in lubricating oil”, SAE 912339

Y.Naitoh, K.Hosonuma, K.Tamura, M.Miyahara and
Y.Watanabe, “Investigation into extending diesel engine oil
drain interval(Part2)-development of long drain diesel
engine oil having low soot dispersancy”, SAE 912340

Michael Dowling, “The impact of oil formulation on emis-
sions from diesel engines”, SAE 922198

Andrews, G.E., Abdelhalim,S and Williams, P.T., “The influ-
ence of lubricating oil age on emissions from an IDI diesel”,
SAE 931003

Byron Lefebvre, “Impact of electric mobile oil refiners on
reducing engine and hydraulic equipment wear and elimi-
nating environmentally dangerous waste oil”, SAE 942032

McGeehan, J.A., Shmah,E., Couch, M.C. and Parker,
R.A., “Selecting diesel crankcase oils to use with low-sulfur
fuel”, SAE 932845

W.Van Dam and Kleiser W.M., “Lubricant related factors
controlling oil consumption in diesel engines”, SAE 952547
Schiemann, L.F, Andrews,C.A., Carrick, V.A., Hum-

phrey,B.K., Martin,J.R, Pocinki,S.B., Schmid,C.F. and
Shah,M.P, “Developing heavy duty diesel lubricants to
meet the extended service interval challenge”, SAE952551

M.Manni, C.Gommellini, G.Sabbioni, “Effect of physical
characteristics of lubricating oils on emissions, fuel econ-
omy and oil consumption in a light duty diesel engine”,
SAE952552

Andrews,G.E., Elamir,l.E., Abdelhalim,S., Ahmed,FM. and
Y.Shen, “The measurement of lubricating oil combustion
efficiency using diesel particulate analysis”, SAE 980523

Parker,D.D. and Crooks,C.S., “Crankshaft bearing lubrica-
tion formation component manufacturer's perspective”,
IMechE Seminar on Automotive Lubricants: Recent
Advances and Future Developments, S606, 1998.

Hutchings, Miles; Chasan, David; Burke, Ronald; Odorisio,
Paul; Rovani, Margarita; Wang, Wilhelm, “Heavy-duty die-
sel deposit control~Prevention as a cure”, SAE 972954

Graham,J.P. and B.Evans, “Effects of intake valve deposits
on driveability”, SAE 922200

Kim, Joong-Soo; Min, Byung-Soon; Lee, Doo-Soon; Oh,
Dae-Yoon; Choi, Jae-Kwon, “The characteristics of car-
bon deposit formation in piston top ring groove of gasoline
and diesel engine”, SAE 980526

17

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Harpster, Michael J; Matas, Scott E.; Fry, Jeffrey H.; Litz-
inger, Thomas A., “An experimental study of fuel composi-
tion and combustion chamber deposit effects on emissions
from a spark ignition engine”, SAE 950740

K.lwakata, Y.Onodera, K.Mihara and S.Ohkawa, “Nitro-
oxidation of lubricating oil in heavy-duty diesel engine”,
SAE 932839

Bardasz, Ewa A.; Carrick, Virginia A.; George, Herman F;
Graf, Michelle M.; Kornbrekke, Ralph E.; Pocinki, Sara B.,
“Understanding soot mediated oil thickening through
designed experimentation~Part 5: knowledge enhance-
ment in the General Motors 6.5 L”, SAE 972952

Bardasz, Ewa A.; Carrick, Virginia A.; George, Herman F;
Graf, Michelle M.; Kornbrekke, Ralph E.; Pocinki, Sara B.,
“Understanding soot mediated oil thickening through
designed experimentation~Part 4: Mack T-8 test”, SAE
971693

R.Sun, Kittleson,D.B. and Blackshear,P.L., “Size distribu-
tion of diesel soot in the lubricating oil”, SAE 912344

Van Dam, W.; Kleiser, W. M., “Lubricant related factors con-
trolling oil consumption in diesel engines”, SAE 952547

Loftis, Ted S.; Lanius, Mike B., “A new method for combina-
tion full-flow and bypass filtration: venturi combo”, SAE
972957

Stehouwer,D.M., “Effects of extended service intervals on
filters in diesel engines”, Proc. International Filtration Con-
ference-The unknown Commodity, Southwest Research
Institute, July 1996

Samways,A.L. and Cox,I.M., “A method for meaningfully
evaluating the performance of a by-pass centrifugal oil
cleaner”, SAE 980872

Verdegan, Barry M.; Schwandt, Brian W.; Holm, Christo-
pher E.; Fallon, Stephen L., “Protecting engines and the
environment~A comparison of oil filtration alternatives”,
SAE 970551

McGeehan, J.A., Rutherford, J.A. and Couch, M.C., “Clean
Exhaust but Sooty Engine: The Importance of the Crank-
case Oil", SAE Paper 912342

S. Corso and R. Adam, “Incipient scuffing detection by fer-
rography in diesel valve train systems”, SAE Paper 852124,
1985.

Wooton, D.L., Lawrence, B.J. and Damroth, J.G., “Infrared
analysis of heavy duty diesel engine oils”, SAE Paper
841372, 1984.

Hartmann, J. High performance automotive fuels and flu-
ids, Motor books International, p. 24, 1996.

Leet, Jeffrey A., Friesen; Terry V. and Shadbourne, Alan,
“EGR's effect on oil degradation and intake system perfor-
mance”, SAE paper 980179



