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Long term endurance analysis of the
effects on ring wear and lubrication oil
of biofuel used in a DI diesel engine

_Ilker Temizer and Aysxegül Arı

Abstract
In this study, the long-term endurance tests were carried out in an engine that was used 100% diesel and 90% diesel
210% bioethanol blend. The lubricating oil and ring wear were investigated in the direct injection diesel engine using
two different fuels under partial load and for 110 h. As a result of long-term endurance tests, ash content, density, viscos-
ity, acid number determination, and flash point values of engine lubricating oil were detected. Moreover, the metal resi-
dues (Fe, Al, Cu, Pb, Zn, Mg, Mn, Ni) were signs of wear in the lubricating oil were observed. Samples were taken from
the lubricating oil at 55 and 110 h and examined by the Inductively Coupled Plasma-Mass Spectrometer method. Also,
tribological and morphological analyses of the replaced piston rings were made for each fuel mixture. The piston rings
(first ring, second ring and third ring) had been examined by using the Energy Dispersive X-ray Spectroscopy and
Scanning Electron Microscopy. As a result, it was observed that the metal residues in the oil changed over time. Metal
residues were showed that after the 55th hour there were more metal residues in the lubricating oil with B10, com-
pared to diesel. While the TAN value of lubricating oil was measured as 3.08 mg KOH/g in the D100 operation, this
value was 3.29 mg KOH/g in the B10 operation.
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Introduction

Biofuels are a common ground of issues such as envi-
ronmental sensitivities, costs, and agricultural develop-
ment.1 Bioethanol stands out as an environmentally
friendly alternative fuel produced from biological
sources, renewable, with less impact on greenhouse gas
emissions (Figure 1). Also, bioethanol provides signifi-
cant advantages in combustion systems due to its high
octane number and oxygen content.2,3 Bioethanol fuel
significantly reduces CO, HC and NO emissions.4

However, the low calorific value of bioethanol fuel
could cause a decrease in engine performance and an
increase in specific fuel consumption. In addition, the
low cetane number of bioethanol, compared to diesel
fuel, also occurs some disadvantages in terms of com-
bustion in diesel engines.5,6 Wang et al. investigated the
effects of biodiesel-ethanol-diethyl ether blends on a
diesel engine. Distilled orange oil methyl ester was used
as biodiesel. In this study, diesel and biodiesel fuels,
B95E5 (95% biodiesel, 5% ethanol), B90E10,
B95DEE5 (95% biodiesel, 5% diethyl ether) and
B90DEE10 fuels were also used. As a result, the

thermal efficiency of the engine using biodiesel-ethanol
blends has increased compared to diesel fuel and bio-
diesel fuels. When using B90DEE10 fuel, CO emissions
increased, while HC and NO emissions decreased.7

Different fuels used in engines affect many para-
meters such as combustion characteristics and exhaust
emissions. Peterson researched the effects of ethyl and
methyl esters in diesel engines. The experiments were
carried out at different engine load and time intervals,
and samples were taken from the lubricating oil at
intervals of 50 h. When the oil analyses were evaluated,
it was determined that the results were within the pre-
dicted limits. However, the viscosity values decreased
over time.8
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Thangarasu et al. experimentally investigated the
effects of tribo-corrosion of different fuels on the direct
injection diesel engine. Low corrosion rates had been
achieved in the B50 blend fuel due to the low sulphur
content.9 Mujtaba et al. studied the lubricating proper-
ties of nanoparticle-doped diesel-biodiesel-ethanol
fuels. When the SEM analyses were examined, weaker
wear marks were found in the biodiesel blended fuel.
Bioethanol added to biodiesel blends caused an increase
in wear and friction coefficients, by reducing the lubri-
cating properties of the fuel.10

The chemical content of bio-fuels affects the lubri-
cating oil and cylinder-ring wear in engines. As a matter
of fact, in many studies, it was emphasised that biofuels
used as fuel in engines caused the deterioration of lubri-
cation oil.11–13 Suthisripok and Semsamran used bio-
mass fuel in the engine operating a total of 800h. In
samples taken from oil every 100h, it was observed that
biofuel caused to decrease in the service life of the oil,
viscosity, increase in TBN (Total Base Number), oxida-
tion and nitration.12 Hoang and Pham looked at the
effects of lubricating oil in a diesel engine using diesel
fuel and jatropha oil biofuel. The engine was operated
for 300h. In the oil samples taken every 25 h, the visc-
osity, density and metallic concentration values of the
oil were compared. It had been determined that the
metal residuals in the lubricating oil of the engine using
biofuel were much higher compared to diesel fuel.14

Particularly, physical and chemical changes such as
acid formation, oxidation and hydrolysis in engine
lubricating oil significantly change lubrication beha-
viour.15 Kurre et al. studied the effect of diesel-bioetha-
nol-biodiesel blends on lubricating oil. In the samples
taken from the oil at 20, 40, 60, 80 and 100h, compared
to diesel fuel, Fe, Cu and TAN (Total Acid Number) of
lubricating oil increased in blend fuels operations, while
TBN, density and viscosity decreased.16 The short-term
use of biofuels is promising for users. However, fuels
that cause high carbon accumulation could cause dete-
rioration of the lubricating oil and increase of wear at

long-term applications.17 Many researchers, residual
elements in the lubricating oil could determine by using
many methods such as Atomic Absorption
Spectrometers (AAS), Rotary Disk Electrode Atomic
Emission Spectrometers (RDE/AES), Inductively
Coupled Plasma of Optical Emission/Atomic mission
Spectrometers (ICP-OES/AES/MS) and X-ray
Fluorescence (XRF) Spectrometers.18–22 In another
study, the variation of metal elements in the lubricating
oil depending on the operating hours are investigated
by using the ICP/OES method. It has been emphasised
that the increase rate of metals in the lubricating oil
increases up to a certain operating hour and then
decreases.23 Iliev used different proportions of bioetha-
nol fuel in the AVL Boost software. According to the
results obtained, it has been shown that increasing the
bioethanol ratio decreases engine power, CO and HC
and increases the brake specific fuel consumption.24

Praptijanto et al. investigated experimentally and
numerically effects on a two-cylinder diesel engine of
bioethanol (2.5%, 5%, 7.5% and 10% by volume)
added to diesel fuel. As a result of this study, the used
bioethanol caused a reduction in CO, soot and NO
emissions.3

Today, it is possible to analyse internal combustion
engines numerically with the help of many package
programmes.25–29 Asadi et al. carried out added biodie-
sel and bioethanol in the rates 10% (B10, E10) and
20% (B20, E20) to diesel fuel in the ESE Diesel part of
the AVL FIRE software. As a result of the study, it
was determined that the ıt decreased NO emission due
to the increased bioethanol ratio in the blend.30 Armas
et al. investigated the effects of on fuel systems diesel
fuel and diesel blended fuels containing 7% ethanol.
Results show that the use of the ethanol blend tested
produced a close effect on diesel fuel on the durability
of the injection pump parts. However, it was seen that
the effect on the injector nozzle was dissimilar.31 This
situation emerges as a function of combustion
dynamics.32

Figure 1. Biofuels cycle.
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From this point of view, it is necessary to reveal the
effects of the combustion event on the in-cylinder
equipment. The above-mentioned situation has been
examined in this study. There are many studies in the
literature on the use of bioethanol fuels in engines.
However, it is seen that most of these studies are based
on short-term engine performance and exhaust emis-
sions. Since comprehensively examine the effects of
bioethanol blended fuels on the engine, long-term tests
need to be carried out. Examined in the literature,
bioethanol fuels have been used at certain rates in die-
sel engines, due to some properties such as low cetane
number and high vaporisation temperature. In this
study, the tribological and morphological effects of
bioethanol added to diesel fuel at a certain rate on pis-
ton rings resulting from long-term use were investi-
gated. In the literature, the study on this subject is
quite limited and it is thought that the study will con-
tribute. In addition, the effect of diesel and mixture
fuels on engine oil has been examined.

Experimental study

In the study, 100% diesel (D100) and 90% diesel-10%
bioethanol (B10) as fuel were preferred. Figure 2 shows
the experimental setup. ANTOR 3LD510 diesel engine
was used in the study. Detailed technical properties of

the test engine are given in Table 1. The engine were
operated at part load and 2000 rpm engine speed, and
the each fuel had been operated for 110h. It was taken
samples from the lubricating oil, for the element deter-
mination of oil at certain operation intervals. Firstly,
the oil sample was taken for D100 fuelled engine at the
55th hour. Then, the engine was operated to the 110th
hour, and end of this progress was taken the second oil
sample. This process was repeated for B10 fuel. For
both fuel types, the ended of 110h operation, the lubri-
cating oil and the engine’s rings (first, second and third
rings) were renewed. Rings belonging to this engine,
first and second rings LG1 (Lamellar graphite cast iron
– alloy pig cast) third ring (oil scraper) (Spherical gra-
phite cast iron – nodular cast iron) were obtained. First
ring surface is covered with Cr element. The total
weight of these rings, which has a diameter of 85mm, is
35 g. Three different analyses on this piston ring were
performed. Firstly, the physical and chemical properties
such as ash content, density, viscosity, acid number,
flash point of engine lubrication oils were analysed.
Secondly, the wear indicator metal residues of the oil
samples that worked with different fuels were deter-
mined by the Inductive Coupled Plasma-Mass
Spectrometer (ICP-MS) method. Finally, the tribologi-
cal analyses of piston rings were made. The changes on
piston rings were investigated by using Energy
Dispersive X-ray Spectroscopy (EDX) and Scanning
Electron Microscope (SEM). Properties of diesel and
bioethanol fuels are given in Table 2.

Result and discussion

SEM/EDX analysis

Figures 3 and 4 shows the SEM/EDX images for first
piston ring of the engine used D100 and B10 fuel,
respectively. Examined the first ring surface, long abra-
sive wear lines that spread over the all ring surface were
determined. In addition to abrasion wear, fatigue wear

Figure 2. Experimental setup.

Table 1. Test engine specifications.

Engine type 4-Stroke, Air cooled, direct injection
diesel engine

Number of cylinders 1
Cylinder volume 510 cm3

Bore 3 Stroke 85 3 90 (mm 3 mm)
Compression ratio 17.5:1
Maximum power 8.8 (kW) @3000 (rpm)
Maximum torque 32.8 (Nm) @2000 (rpm)
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was also observed on the first ring surface at the D100
fuelled engine operation. Examined SEM/EDX image
of the first piston ring at D100 fuelled engine opera-
tion, it was seen that there were wear lines that spread
to the entirety of piston ring surface compared to the
B10 study. This situation was a more limited area with
B10 fuel. Especially at the D100 operation, a large
number of linear abrasions with a maximum length

ranging from 385.97 to 383.12mm that indicated by
yellow lines, occurred (at 500x magnification). In study
B10 operation, this value ranged from a maximum of
85.97 to 82.18mm (Figure 4, yellow arrows seen at
2000x magnification). In the D100 operation, it was
also detected that micro-joins were formed locally on
the ring surface (red arrows at 500x and 2000x magnifi-
cation). Moreover, cavities that are thought to be due
to fatigue wear were also found in Figure 3 (blue
arrows at 2000x magnification). One of the reasons for
these differences in ring surface wear could be shown
as the high calorific value of D100 fuel compared to
B10 fuel. Because the high calorific value of the fuel
and the increasing in-cylinder pressure and temperature
distributions could be affect the behaviour of the lubri-
cating oil. Especially the decreases at lubricating oil
viscosity cause to weakening of oil film thickness and
increases in wear. In addition, it could say that the high
carbon content of D100 fuel triggers more soot forma-
tion during the combustion phase and this situation
causes to decrease in the lubricating oil thickness,

Table 2. Properties of diesel fuel and bioethanol.33,34

The properties Diesel Bioethanol

Oxygen content (% by mass) ___ 34.7
Density (g/cm3) 0.83 0.789
Viscosity (mm2/s) 2.6–4.1 1.19
Ignition temperature (�C) 315 235
Lower calorific value (kJ/kg) 42,500 26,800
Heat of evaporation (kJ/kg) 250 825
Cetane number 40–55 5–8
Air-Fuel ratio 14.6 9
Carbon content (% by mass) 87 52.2

Figure 3. SEM/EDX image of the first ring of D100 fuelled engine at 500x (a) and 2000x (b) magnification.
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compared to the B10 operation. Figure 5 show the var-
iations in pressure/crank angle (a) and rate of heat
release /crank angle (b) for test fuels at 2000 rpm engine
speeds. Examined pressure distributions, it was seen
that the in-cylinder maximum pressure decreased in
bioethanol blends compared to D100 fuel. The maxi-
mum in-cylinder pressure was found to be about
81.1 bar for diesel fuel. Maximum pressure of B10
fuelled engine to compared diesel fuel decreased rate
2%. Bioethanol blend which has a low heating value
cause to decrease in maximum temperature and pres-
sure.33–38 The heat release rates are also seen in Figure
5(b). It is seen that they are parallel with the in-cylinder
pressure distributions.

Figures 6 and 7 shows the SEM/EDX images for the
second ring of the engine used D100 and B10 fuel,
respectively. SEM/EDX surface analyses showed that
two different surface structures formed on the second
ring surface for D100 fuelled engine operation. While
the porous structure was formed in the first region,

surface roughness and abrasive wear lines were
observed in the second region (Figure 6). While wear
lines similar to the first ring surface were occurred in
the second region close to the combustion chamber, it
was observed that this effect changed in the lower parts
of the second ring. Besides, abrasive wear lines that
occur at regular intervals in the direction of piston
movement were also detected. When B10 fuelled opera-
tion is evaluated, it was seen that occurred two differ-
ent surface structures similar to the D100 operation.
However, it was determined that the porous structure
seen only in a certain area on the second ring surface in
the D100 operation occurred in a wider area in the B10
fuel. On the other hand, abrasive wear lines were found
on the second ring surface with the B10 fuel operation.
The B10 according to the D100 study, gradual surface
wear was showed to the bottom parts of the second
ring (towards the first region). Therefore, it could be
said that there is less wear on the second ring in B10
operation than the D100 fuel. It had found shorter

Figure 4. SEM/EDX image of the first ring of B10 fuelled engine at 500x (a) and 2000x (b) magnification.
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abrasive lines on the first piston ring in study B10. It
could be said that parameters such as in-cylinder pres-
sure and temperature, which changed depending on the
different fuel used was effective on surface wear. The
low calorific value and low cetane number of bioetha-
nol blends compared to diesel fuel cause the combus-
tion parameters to change.33 For this reason, it has
been interpreted as less wear on the mechanical parts in
the combustion zone.

Figures 8 and 9 shows the elemental map of the sec-
ond ring for the D100 and B10 fuelled engine, respec-
tively. Examined the element distribution ratios of ring
surface in D100 operation, it was seen that C, O, Zn,
Mn and P elements concentrated in the first region.
This result was considered as an indicator of the pres-
ence of lubricating oil inside the porous structure. On
the other hand, according to the EDX element map, C,
O, Mn and P elements were found in a larger area in
the B10 study compared to the D100 fuelled operation.
This was considered as an indicator of particles and oil
that penetrated into the porous structure.

In this section, third ring analyses were performed.
The low effect of the combustion chamber pressure and
temperature in the third piston rings compared to the
other rings was also reflected to the wear parameter.
Moreover, it could be said that ıt was less the degree of
wear due to the lubricating features of these rings com-
pared to other rings. Figures 10 and 11 shows the
SEM/EDX images for the third piston ring that used
D100 and B10 fuel, respectively. As in the second rings,
the surface roughness decreased and abrasive wear lines
formed in the direction of the movement of the piston
were observed on the third ring. It was thought that the
higher oil film thickness between the third rings and the
cylinder wall, compared to the other piston rings,
caused the limited wear degree. The decrease in in-
cylinder pressure and temperature in reciprocating
engines significantly affects surface wear. As a matter

of fact, the use of B10 fuel was effective in the third
ring as well as in the first and second rings. It was seen
that abrasive wear lines were more prominent in the
direction of the movement of the piston in the third
ring as in the second ring. When B10 fuel was com-
pared to D100 fuel, it was seen that the wear lines on
the third ring were more limited in number and depth.

Determination of oil’s physical and chemical
properties

Determination of engine oil properties gives important
information about lubrication performance. In order to
examine the effects of D100 and B10 fuels on lubricat-
ing oil, some physical and chemical properties of engine
oil were analysed.

Various properties of the lubricating oil samples col-
lected at the end of 110h of operation of B10 and
D100 fuels at constant regime are given in Tables 3 and
4, respectively. The density of the lubricating oil is
affected by wear residues, fuel and moisture. Increased
density at B10 fuel compared to D100 could be due to
higher wear of engine components during 110h.
Indeed, ICP-MS analyses also supported this result.
Fuel dilution decreases the density of lubricating oil
because the density of fuels is lower than lubricating
oil. The density of bioethanol and diesel was 0.789 and
0.83 (g/cm3) respectively. Therefore, fuel dilution of
lubricating oil by B10 causes a lesser reduction in den-
sity of lubricating oil compared to D100 fuel. This
result could be an indicator that the D100 fuel mixed
more at lubricating oil according to the B10 fuel.

Ash content is a parameter that indicates the pres-
ence of metal wear residues, particles and contaminants
in the lubricant. As can be seen in Tables 3 and 4, after
110h of operation with B10 fuel, the sulphate ash con-
tent in the lubricating oil was found to be higher than
that of D100. Sulphated ash content was measured as

Figure 5. The variation of in-cylinder pressures/crank angle (a) and rate of heat release/crank angle (b).
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0.785 by weight with D100 fuel, while this value was
0.819 for B10 fuel. The higher ash content of the lubri-
cating oil in B10 fuel is an indication that the B10 fuel
engine produces higher wear debris.

The viscosity of the lubricating oil is a significant
parameter in an engine as it affects the lubrication effec-
tiveness. Two main factors affect lubricant oil viscosity.
Firstly, it can say that formation of resinous products
because of oil oxidation, evaporation of lighter frac-
tions, depletion of anti-wear additives and contamina-
tion by insoluble compounds tend to increase viscosity.
Secondly, moisture formation and fuel dilution tend to
reduce the oil viscosity. It has been seen that the values
obtained as a result of the study in both fuels are close
to each other. While the viscosity of lubricating oil at
D100 fuelled operation was 68.08mm2/s at 40�C and
11.61mm2/s at 100�C, this value at B10 fuelled opera-
tion was 69.04mm2/s at 40�C and 11.6mm2/s at 100�C.
After 110h of operation, wear on the piston rings was
higher in D100 fuel operation. Furthermore, SEM/
EDX analysis showed that B10 fuel tends to reduce the
wear between the piston ring and cylinder liner due to

its lower calorific values. However, the lubricant oil
kinematic viscosity variation of B10 fuels did not exceed
the limits and caused a similar effect on lubricant oil
kinematic viscosity than the D100 fuel.

The flash point is known as an important parameter
that showed the dilution rate of the fuel. While the
flash point temperature of ethanol fuel is 15�C, this
value is 78�C for diesel oil.29 While the lubricating oil
flash point at D100 fuelled engine was 154�C, this value
was determined as 198�C at B10 fuelled engine (Tables
3 and 4). This result was an important indicator that
the D100 fuel mixed more at lubricating oil compared
to the B10 fuel. As is known, diesel fuel also has good
lubricating properties. Less wear that seen in the D100
study compared to the B10 operation after 110h. It
was evaluated as a result of this feature (as seen in ICP-
MS analyses).

Total Acid Number (TAN) indicates the ability
absorb acids that cause to corrosion. The total alkali-
nity number is the ability of the lubricating oil to pre-
vent the formation of sulphuric acid, which occurs due
to the sulphur content in the fuel and causes corrosion.

Figure 6. SEM/EDX image of the second ring of D100 fuelled engine at 500x (a) and 2000x (b) magnification.
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In addition, it also shows the ability of the lubricating
oil to clean the combustion residues adhering to the
machine parts. The TAN is important in terms of
showing the concentration of acidic molecules in the
oil. The TAN value is an important parameter that
gives the number of acid or acid derivatives in the lubri-
cant. While the TAN value was measured as 3.08mg
KOH/g with the D100 fuel, this value was 3.29mg
KOH/g after working with B10 fuel. A lower TAN
indicates better performance and lower corrosion
potential for the lubricating oil. It shows that the corro-
sive and moisture-retaining properties of bioethanol
fuel are reflected in this value when blended with the
lubricating oil.

Spectrometric analysis of lubricating oil (ICP-MS)

Thermo Scientific ICP-MS iCAP Q brand device was
used to detect wear elements in engine oil. Thermo
Scientific ICP-MS iCAP Q brand device was used to
detect wear elements at engine oil. Engine oil could not
be directly used in the ICP-MS device due to organic

compounds and high carbon content. For this reason,
it was subjected to acid digestion under high pressure
and temperature in a microwave device.

The disjunction process was performed by using the
EPA3051(for oil) method. Spectrometric oil analysis is
a preventative maintenance tool used to determine the
amounts of worn metals in lubricating oil. It is to deter-
mine in advance whether there is an abnormal situation
such as wear, corrosion, scratching and fragmentation
that may occur in the system with spectrometric oil
analysis. Looking at the metal residue results in the
engine lubricating oil, it was seen that; more wear ele-
ments in samples taken from lubrication oil at 55th
hour were found at D100 fuelled operation compared
to the B10 fuelled operation. This result is thought to
affect the combustion event due to the chemical proper-
ties of B10 fuel. Since D100 fuel has a higher calorific
value than B10 fuel, it caused an increase in in-cylinder
pressure and temperatures. Increased temperatures and
pressures led to increased wear on the piston rings.
These results were also supported by SEM/EDX analy-
ses of the piston ring. Combustion formation changed

Figure 7. SEM/EDX image of the second ring of B10 fuelled engine at 500x (a) and 2000x (b) magnification.
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by using different fuels at engine changes the pressure
forces applied to the ring-cylinder structure, piston pin,
connecting rod and crank bearing. Also, the different
temperature distributions create thermal changes on
engine parts and lubricating oil. When the element
results in the lubricating oil were examined after 55 h, it

was shown that combustion events were effective on
the lubricating oils.

Figure 12 shows the Mn, Fe, Mg, Ni, Al, Cu, Zn, Pb
concentrations in lubricating oil samples with usage.
After 110h of operation, it has been observed that man-
ganese (Mn), iron (Fe), nickel (Ni), copper (Cu), lead

Figure 8. The elemental map of second ring at D100 fuelled engine operation.

Figure 9. The elemental map of second ring at B10 fuelled engine operation.
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(Pb) concentration in B10 fuelled engine is high com-
pared to D100 fuelled engine. In the other elements
(such Al, Zn), it was seen that the results in both fuel
operations values close to each other were obtained. It
was evident that Mg content in lubricating oil samples
drawn from D100 fuelled engine was slightly higher
than lubricating oil samples of B10 fuelled engine. The
bioethanol fuel could provide poor lubricity due to its
dilution with lubricating oil resulting in a higher gener-
ally wear rate of metal element concentration. Higher
metal elements in the lubricating oil samples of B10
fuelled engine shows a higher extent of lubricating oil
oxidation and polymerisation that could be resulted in
more lubricating oil contamination by bioethanol dilu-
tion. The ability moisture absorption and the corrosive
effect of bioethanol blended with lubrication oil can
also affect the properties of the lubricant. As a matter
of fact, it is thought that bioethanol mixed with lubri-
cating oil increases the oxidation of the oil over time
and causes the loss of its lubricating property.

Conclusions

A diesel engine was operated for 110h at 2000 rpm and
part load, and the effects of D100 and B10 fuels on ring

tribology and lubricating oil were investigated. Density,
viscosity, sulphated ash content, flash point and TAN
values of the lubricating oil were analysed. In addition,
metal residues in two different oil samples were detected
by the ICP-MS method. If the obtained results are
listed as items;

(1) When the SEM/EDX image of the first piston ring
was examined, it was seen that there were wear lines
that spread over the entire surface of the ring on
D100 fuel than the B10 fuel. This situation was a
more limited area at B10 fuelled engine operation.

(2) In bioethanol blend compared to D100 fuel caused
the accumulation of more wear elements at the
lubrication oil.

(3) In the physical and chemical analysis of engine
lubricating oil, the flash point, ash content and
TAN value of the lubricating oil are higher in B10
fuelled operation. Density and kinematic viscosity
values gave close results in both fuels.

(4) According to the flash point results, the presence
of diesel fuel in the lubricating oil could be impor-
tant one reason the occurred of the lower wear
residue because diesel fuel has a lubricating fea-
ture. It also could be said that the corrosive and
moisture-retaining properties of bioethanol fuel

Figure 10. SEM/EDX image of the third ring of D100 fuelled engine at 500x (a) and 2000x (b) magnification.
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Figure 11. SEM/EDX image of the third ring of B10 fuelled engine at 500x (a) and 2000x (b) magnification.

Table 3. Engine oil analysis results at D100 fuelled engine operation.

The properties Method Measurement uncertainty Value

Density (kg/m3, 15�C) ASTM D4052 60.1 856.9
Flash point (Pensky-Martins open cup,�C) ASTM D92 63.4 154
Kinematic viscosity (mm2/s, 40�C) ASTM D445 60.125 68.08
Kinematic viscosity (mm2/s, 100�C) ASTM D445 60.017 11.61
TAN (mg KOH/g) ASTM D 664 60.66 3.08
Sulphate ash (% Weight) ASTM D874 60.047 0.785

Table 4. Engine oil analysis results at B10 fuelled engine operation.

The properties Method Measurement uncertainty Value

Density (kg/m3, 15�C) ASTM D4052 60.1 860.2
Flash point (Pensky-Martins open cup, �C) ASTM D92 64.4 198
Kinematic viscosity (mm2/s, 40�C) ASTM D445 60.127 69.04
Kinematic viscosity (mm2/s, 100�C) ASTM D445 60.017 11.6
TAN (mg KOH/g) ASTM D 664 60.7 3.29
Sulphate ash (% Weight) ASTM D874 60.049 0.819
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Figure 12. The metal residual concentrations in lubricating oil samples at different operating hours.
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could be weakening the lubricating functions of
the lubricating oil and thus cause more wear resi-
dues. This corrosive feature was also reflected in
the TAN value, and the TAN value in the oil
taken from the B10 fuel study was higher than the
D100 fuel. This corrosive feature was also reflected
in the TAN value.

(5) Wear residues of bioethanol fuelled operation
formed parallel to the ash content results.
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Appendix

Notation

D100 %100 diesel fuel
B10 90% diesel fuel+10% bioethanol (in

vol.)
SEM Scanning Electron Microscopy
EDX Energy-dispersive X-ray spectroscopy
TAN Total Acid Number
ICP-MS Inductively Coupled Plasma-Mass

Spectrometer
KOH Potassıum Hydroxıde
ASTM American Society for Testing and

Materials
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