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Abstract
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The work is focused on quantification of influence of operation on flow properties of motorcycle en-
gine oil. Three different kinds of synthetic engine oil (MOTUL) were tested, namely unused oil, run-in
oil (650 km after engine reboring) and regular engine oil (6200 km of motorcycle operation). The sam-
ples were frozen to below zero temperatures and kinematic viscosity was continuously monitored in
the range of -5°C and +115 °C. Consequently, the kinematic viscosity at reference temperatures of 0,
40 and 100 °C was compared. Viscosity was measured by digital viscometer with concentric cylinders
measuring geometry. The biggest difference occurred in case of lower temperatures where e.g. at 0°C
decrease to 29% and 43 % of its original value was detected for used oil and run-in oil respectively.
Flow behavior was modeled using several mathematical models —~Arrhenius equation, exponential,
and Gaussian equation. The best match between experimental and computed data was received in
case of Gaussian fit with R?=0.997 and 0.992 for run-in and used oil, respectively. The models are ge-
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nerally usable for description of rheological behavior of given engine oil.

viscosity, engine oil, mathematical modeling

Oil is a complex substance with each hydrocar-
bon molecule consisting of many atoms of carbon,
hydrogen, oxygen and others. The atoms in each
hydrocarbon molecule are strongly chemically
bonded together, and the energy required to break
a hydrocarbon molecule apart is much higher than
the energy needed to change it from a liquid state to
agaseous state.

The oil film offers resistance to flow due to its ad-
hesion to the surfaces of the bearing. Oil which is
dripping or running down a surface by gravity or
is being pumped through a pipe shows resistance
to flow due to its adhesion to the surface as well as
its viscosity. The oil layer adhered to the stationary
surface is itself stationary, whereas the oil layers
farther away from the surface move progressively
faster. The lower the viscosity, the less energy it takes
to shear the oil and to cool the oil, but conversely,
the lower the viscosity, the thinner the oil film.

It is important to have a good understanding of
engine oil viscosity, because viscosity is the single
most important characteristic of oil as a good lubri-
cant. Motor oil, or engine oil, is an oil used for lu-

brication of various internal combustion engines.
The main function of engine oil is to lubricate mov-
ing parts, but also to clean, inhibit corrosion, im-
prove sealing and cool engine down by carrying
heat away from the moving parts. Motor oils are de-
rived from petroleum and non-petroleum synthe-
sized chemical compounds used to make syntehetic
oil. Motor oil mostly consists of hydrocarbons, or-
ganic compounds consisting entirely of carbon and
hydrogen (Wikipedia, 2009).

Lubricating oil in internal combustion engines is
exposed to various strains depending on the opera-
ting conditions, the fuel quality, the ambient con-
ditions and operating parameters. The rate of de-
terioration strongly depends on these influences.
In order to avoid an engine failure, the oil must be
changed before it looses its protective properties. At
the same time, an unnecessary oil change should be
avoided for environmental and economical reasons.
In order to determine the optimum oil change in-
terval reliably, it is necessary to monitor the actual
physical and chemical condition of the oil (Agoston
etal., 2005).
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There are several ASTM Standard Methods
for measuring the viscosity of oils. Of these, only
methods D 445 - Standard Test Method for Kine-
matic Viscosity of Transparent and Opaque Liquids
(the Calculation of Dynamic Viscosity) and D 4486
- Standard Test Method for Kinematic Viscosity of
Volatile and Reactive Liquids, will yield absolute vis-
cosity measurements (ASTM, 1996). Both of these
methods make use of glass capillary kinematic vis-
cometers and will produce absolute measurements
in units of centistokes (cSt) only for oils that exhibit
Newtonian flow behaviour (viscosity independent
of the rate of shear). Traditional methods for mea-
suring oil viscosities (such us capillary, falling ball,
rotary etc) are in detail described in Dawson (2000),
Spearot (1989), or Troyer (2002). There are also new
approaches described e.g. in Albertson et al. (2008),
Anonymous (2006), or ASTM Standard (2005).

This study monitored the effect of operation time
on lubricant viscosity under different temperatures.
This knowledge is very important for description
of processes running in the combustion engines.
The work follows the results published in Severa et
al. (2009).

MATERIALAND METHODS

Engine oils

Two commercially available motorcycle engine
oils were used. The first sample was used for run-
in the engine after reboring (650 km). The oil was
drained off from road sport motorcycle Yamaha SR
125, which is a small motorcycle with single-cyl-
inder air and oil cooled engine with 125 ccm and
8.8 kW. The second sample was used in the engine of
the same motorcycle and drained off after 6200 km
of operation. The description of the oils is given in
Table 1.

1: Characteristics of tested oils

Viscosity measurement

Kinematic viscosity of the oil is affected by the oil
density. The test often use the acceleration, gravity or
vibration as forces to shear the oil. The unit of mea-
surement is millimeters?/second (mm?2/s), also called
centistokes (cSt).

There is a difference in measuring of kine-
matic viscosity of new and used oils (Maggi, 2006).
The procedure used in Severa et al. (2009) was used.
The volume (200 ml) of oil was put into the specially
designed cuvette without previous mixing.

The data were received from measurements per-
formed on digital viscometer Anton Paar DV-3 P
(Austria), which is designed to measure dynamic or
kinematic viscosity (n, v), shear stress (1), and shear
rate (y). The DV-3 P is a rotational viscometer, based
on measuring the torque of a spindle rotating in
the sample at a given speed. Shear stress is expressed
in [g/(cm.s?)], shear rate in [s™'], kinematic viscosity
in [mm?/s], and speed of spindle in revolutions per
minute [rpm]. The experiments were performed
with use of R3 spindle. The viscosity data were ob-
tained for temperature range -5 and +115°C.

Mathematical models

Mathematical models were created with use of
software MATLAB® v. 7.1.0.246(R14) Service Pack
3, Curve fitting application (The MathWorks, Inc.,
USA). The suitability of the fitted models was eval-
uated by the determination coefficient (R?) and
the significance level (p < 0.05).

RESULTS AND DISCUSSION

Influence of operation (run-in period of 650km
and regular operation of 6200km) on kinematic
viscosity of synthetic engine oil was quantified.
The comparison of data received for unused oil

Oil Oil type Mark Manuf. Vg::siety Co(;l;;gi’l()f Op(erkrartlt)i on
Unused Synthetic 5100 Ester 4T Motul 10W40 France 0
Run-in Synthetic 5100 Ester 4T Motul 10W40 France 650
Regularly used Synthetic 5100 Ester 4T Motul 10W40 France 6200

Primarily, the oils were frozen to below zero tem-
peratures (approx -7 °C). No pre-treatment was per-
formed since the oils were supposed to be New-
tonian liquids (Noria, 2008). Although oils were
assumed to be Newtonian, it is known that in
the case of additives supplement, a side effect of
such additives is to cause shear thinning - the oil vis-
cosity becomes dependent on its shear rate, where
high shear rates cause the oil viscosity to be reduced
(Takata and Wong, 20006).

(Severa et al., 2009), run-in oil and oil used for re-
gular operation is shown in Figure 1. The oil visco-
sity is strongly dependent on temperature in case of
all types of oil - unused, run-in and used one. In or-
der to get a comparative data for either dynamic or
kinematic viscosity, the reference temperature must
be presented. According to ISO 8217 the reference
temperature for a residual fluid is 100 °C, for a distil-
late fluid it is 40 °C.

Decrease of viscosity with temperature was a priori
presumed and its internal structural mechanics
were described e.g. in Guo et al. (2007), Mann (2007)



Changes of engine oil flow properties during its life cycle

205

1I: Kinematic viscosity at reference temperatures

0°C 40°C 100°C
v (mm?/s) v (mm?/s) v (mm?/s)
Unused oil 1804 120 52
Run-in oil 778 93 46
Used oil 528 89 41

or Severa et al. (2009). Non-linear courses of the de-
pendencies can be explained as a consequence of
chemical processes proceeding in the oil. In all cases
the oil viscosity decreased with degree of its use. It is
obvious (see Fig. 1) that most relevant differences are
presentin oils cooled to 0°C, where original viscosity
of unused oil 1804 mm?/s decreased to 528 mm?/s,
which represents decrease to 29% of initial value.
Run-in oil exhibited decrease to 778 mm?/s that
is 43% of the initial value. The decrease is less dra-
matic in case of temperature of 40°C, where follow-
ing values were found: 74 and 77.5% for used and
run-in oil, respectively. Increasing temperature was
depressing the effect of viscosity changes and this
fact can be documented on case of measuring per-
formed at 100°C. In this temperature level, the vis-
cosity decreased to 78 and 88% for used and run-in
oil, respectively.

Experimental data can be used separately as a final
result and basic data source for further evaluation
or used for mathematical modeling of given phe-
nomenon. Modeling provides a means of represent-
ing a certain quantity of rheological data in terms of
a simple mathematical expression. Many forms of
the equations are possible and one master model,
suitable for all situations, does not exist (Steffe, 1996;
Hlavag, 2008a; Severa et al., 2010).

Satisfying correlation between experimental and
modeled values can be obtained using e.g. Gaussian
or exponential model. In case of unused oil, very
good correlation of R?= 0992 was achieved with
Gaussian fit (al*exp(-((x-b1)/c1)*2) + ... + ad*exp(-
((x-b4)/c4)*2). Use of exponential fit (a*exp(b*x) +
c*exp(d*x)) led to correlation of R*= 0.991. In case
of run-in oil, use of Gaussian fit (al*exp(-((x-b1)/
c1)"2) + ... + a5*exp(-((x-b5)/c5)"2) led to correla-
tion of R?=0.997, while exponential fit (a*exp(b*x) +
c*exp(d*x)) resulted in correlation of R*= 0.983. Fit-
ting of the experimental data is shown in Fig. 2.

One of the most commonly used tools for mode-
ling the influence of temperature on the viscosity of
Newtonian fluids is Arrhenius type equation. Con-
sidering an unknown viscosity (v) at any tempera-
ture (T) and a reference viscosity (v)ata reference
temperature (T), the equation may be written in lo-
garithmic form:

)-3)-G7)
In|—|=] =2 |-|———1|.
v, \rR)\TT

Similar approach was used for modeling of tem-
perature dependent viscosity of Newtonian fluids
by many authors (Friso and Bolcato, 2004; Hlavag,
2007; Hlavac, 2008b; Severa and Los, 2008). Arrhe-
nius modeling led to satisfying results with R?=0.97,
0.96, and 0.95 of match between experimental and
modeled data for unused, run-in and used oil, re-
spectively.

Importance of viscosity behavior of an engine oil
as a function of its temperature was already proven
- see e.g. Severa et al. (2009), especially when con-
sidering running efficiency and performance of
combustion engines. Influence of motorcycle en-
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gine operation on oil flow properties was con-
firmed and kinematic viskosity changes were quan-
tified. The most dramatic changes evoked by oil use
(6200 km of operation) were recorded in lower tem-
peratures (decrease to 29 %) while viscosity in higher
temperatures was not so sensitive to oil condition.
Oil viscosity is becoming a critical factor, due to en-
gine controls that use engine oil for precise tim-
ing (Albertson et al., 2008). Full knowledge of oil
behavior in different stages of its life cycle and un-

der different conditions is thus needed. The analy-
sis performed by other authors also suggests that
even though the kinematic viscosity decreases over
time, the in-service viscosity seen by the pump only
changes slightly with time. Consequently, if an oil
provides adequate volumetric efficiency during
the first hours of operation, it will continue doing
the same even after extended operation (Herzog et
al., 2009).
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2: Experimental data and mathematical models for run-in oil

SUMMARY

Lubricating oil in internal combustion engines is exposed to various strains depending on the ope-
rating conditions, the fuel quality, the ambient conditions and operating parameters. The rate of de-
terioration strongly depends on these influences. In order to avoid an engine failure, the oil must
be changed before it looses its protective properties. At the same time, an unnecessary oil change
should be avoided for environmental and economical reasons. In order to determine the optimum
oil change interval reliably, it is necessary to monitor the actual physical and chemical condition of
the oil. The work is focused on quantification of influence of operation on flow properties of motor-
cycle engine oil. Three different kinds of synthetic engine oil (MOTUL) were tested, namely unused
oil, run-in oil (650km after engine reboring) and regular engine oil (6200km of motorcycle opera-
tion). Since the oils were considered to be the Newtonian fluids, flow curves were not designed and
the effort was focused on determination of kinematic viscosity at reference temperatures of 0, 40 and
100°C. The samples were frozen to below zero temperatures and kinematic viscosity (mm?/s) was
continuously monitored in the range of -5°C and +115 °C. Viscosity was measured by digital visco-
meter with concentric cylinders measuring geometry. Kinematic viscosity of all oils was non-linearly
decreasing with increasing temperature as it was expected. The most significant difference occurred
in case of lower temperatures where e.g. at 0°C decrease to 29 % and 43 % of its original value was de-
tected for used oil and run-in oil respectively. The decrease at high temperature, e.g. at 100°C was
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much lower, to 78 and 88% for used oil and run-in oil respectively. Viscosity dependencies were mo-
deled using several mathematical models —Arrhenius equation, exponential, and Gaussian equation.
The best match between experimental and computed data was received in case of Gaussian fit with R
=0.997 and 0.992 for run-in and used oil, respectively. Use of generally accepted and common Arrhe-
nius model led to R?=0.96 and 0.95 for run-in and used oil, respectively. Knowledge of detailed flow
behavior of engine oil during its life cycle is critical for engineering evaluation of combustion engines
operation. The models can be applied for description of rheological behavior of given engine oil.

SOUHRN
Zmeény viskozity motorového oleje b€hem provozu spalovaciho motoru

Uréeni spravného intervalu vymé&ny motorového oleje zévisi na znalosti jeho fyzikélnich a chemic-
kych vlastnosti. Tato préce je zamé&fena na hodnoceni a kvantifikaci vlivu provozu motoru na to-
kové vlastnosti motocyklového motorového oleje. Srovnavany byly t¥i druhy syntetického motoro-
vého oleje (MOTUL), a to olej nepouity, zajizdéci (po 650km provozu po vybrusu vilce) a olej vy-
jety (po 6200km provozu). Vzhledem k tomu, Ze je olej a priori povazovin za Newtonovskou kapa-
linu, nebyly sestavovany tokové kiivky a sledovina byla pouze teplotni zavislost kinematické vis-
kozity. Srovnavény byly hodnoty pfi tfech referen¢nich teplotich - 0, 40 a 100°C. Vzorky oleje byly
zmrazeny na teplotu a kontinudlné byla zaznamendvina hodnota kinematické viskozity v rozmezi
-5°Caz +115°C. Viskozita byla mé&¥fena rota¢nim digitdlnim viskozimetrem Anton Paar s mé¥Fici geo-
metrif souosych vélct. Dle pfedpokladii kinematickd viskozita viech vzorkt nelinedrné klesala s na-
rastajici teplotou. Nejvyrazné&jsi rozdily byly zjistény u nizsich teplot, kdy pii 0°C poklesla viskozita
ze své pivodni hodnoty 1804 mm?/s (nepouzity olej) na 29 % této hodnoty v p¥ipadé vyjetého oleje
a 44% v pripadé zajizdéciho oleje. Pokles p¥i vyssich teplotich, nap¥. 100°C, byl mnohem méné vy-
razny, konkrétné doslo k poklesu na 78 a 88 % ptivodni hodnoty u vyjetého a najizdéciho oleje. To-
kové vlastnosti olejt byly modelovany pomoci n¢kolika matematickych modelil, konkrétné Arrhé-
niova modelu, exponencidlniho a Gaussova vztahu. Nejvy3si shody mezi experimentalnimi a vypoc-
tenymi hodnotami bylo dosazeno v p¥ipadé Gaussova vztahu, a to to konkrétn€ R?= 0,997 a 0,992 pro
zajizdéci a pouzity olej. Detailni znalost tokového chovani motorovych olejt je kriticky vyznamna
pro hodnocent a inzenyrské vypocty v oboru spalovacich motortl. Navrzené modely mohou byt po-
uzity pro predikci reologickych charakteristik daného typu oleje.

viskozita, motorovy olej, matematické modelovani
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