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Abstract
Article Info Waste lubricant oil (WLO) is always found in motor vehicle repair shops. Utilizing WLO by
Submitted: distilling it will provide benefits. For this reason, WLO was distilled in this research. Several
04/06/2024 characterizations were conducted to determine the viscosity, density, low heat value (LHV),
Revised: and flash point of WLO and distillation products (DP). The DP is less viscous, denser, LHV,
05/10/2024 and flash point than WLO. The DP was mixed with Pertamina Dex (0, 5, 10, and 15 vol.%) and
Accepted: then filled into the fuel tank for the engine performance test. The present experiment utilized
06/11/2024 a compression-ignition (CI) engine to measure performance. CI engine speed variations were
Online first: carried out at 1000, 1500, 2000, and 2500 rpm to see the influence of the mixed fuel on torque,
12/12/2024 power, specific fuel consumption (SFC), thermal efficiency, and smoke opacity. The increase

in CI engine speed leads to an increase in torque, power, thermal efficiency, and smoke opacity,
but at the same time, SFC decreases to 2500 rpm. Increasing the DP content in the mixed fuel
decreases torque, power, SFC, thermal efficiency, and increased smoke opacity.

Keywords: Waste lubricant oil; Distillation product; CI Engine performance

1. Introduction lubrication particles and is a hazardous liquid
waste [20-22]. WLO can be converted into fuel
because the main composition of used lubricant
oil is hydrocarbon [23]. According to Zare et al.
[24], fuel converted from WLO has the
characteristics of low calorific value (LHV) of
43.07 MJ/kg, density of 0.89 g/cc, and flash point
of 98 °C.

Distillation is commonly used to convert WLO
into fuel [25]. Wang and Li [23] converted WLO
pyrolysis product [15-17]. using distillation, and the resulting fuel with

Apart from those mentioned, recently, density at 20 °Cis 842 kg/m?, LHV is 42 M]/kg, and

utilizing WLO (WLO) for fuel has also attracted 2 flash point is 60 °C. Effendy et al. [26] distilled a
WLO wusing distillation apparatus, and the

resulting fuel has a density of 0.8091 kg/m3,
calorific value of 47.3 MJ/kg, and a flash point of

Fossil fuel is a non-renewable energy source,
but it is still the main choice of fuel in the
industrial and transportation sectors [1-4] which
results in the depletion of petroleum reserves and
presents significant problems. Various studies
have been conducted to substitute fossil fuels with
other alternative fuels, such as biodiesel from
edible and non edible plant [5-9], chicken waste
[10], waste cooking oil [11-13], syngas [14], and

the attention of many researchers due to its
abundant availability [18,19]. WLO is an inorganic
liquid containing various residual engine
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15 °C. Arpa et al. [27] distilled a WLO using
distillation apparatus, and the resulting fuel with
density of 15 °C is 818 kg/m?, LHV is 42500 kJ/kg,
and flash point (open cup) is 57 °C. Li et al. [28]
distilled a WLO using distillation equipment, and
the resulting fuel had a calorific value of 45.752
M]J/kg.

The injection system, pumps, and injector must
deliver diesel fuel precisely to reach proper
combustion; therefore, fuel density is the crucial
parameter affecting engine performance [29].
According to Ozgiir and Tosun [30], LHV is an
important parameter affecting engine
performance besides density. Effendy et al. [26]
have found that higher LHV leads to lower fuel
consumption levels. To reach suitable density and
LHYV, distillation products (DP) are commonly
blended with commercial fuel. Generally, several
solar products in Indonesia are known as
Pertamina Dex, dexlite, and biosolar. According to
Cappenberg's [31] study, Pertamina Dex typically
has higher torsion, power, and thermal efficiency
than others, and it also has a lower fuel
consumption than others. Moreover, Rozak et al.
[32] have found that Pertamina Dex has a medium
smoke opacity when compared to both biosolar
and dexlite.

Researchers blended diesel with other
components and filled it into the fuel tank to
investigate the effect on the engine performance.
Seifi et al. [33] have investigated diesel engine
performance using fuel from water-diesel fuel
emulsion with composition 2:98, 5:95, 8:92, and
10:90. Those mixed fuels influence the diesel
engine's power, torque, and noise emission. Zare
et al. [24] tested a diesel vehicle (Euro IV) using
fuel from blended diesel with WLO as a fuel
additive (100:0, 99:1, and 95:5), resulting in a
decrease in NOx with an increase in WLO content
in mixed fuel. Effendy et al. [26] compared diesel,
blended diesel-distillation product of waste oil
(50:50), and distillation product of waste oil, then
tested using compression-ignition (CI) engine to
investigate brake torque, brake power, brake
mean effective pressure, brake specific fuel
consumption, brake thermal efficiency, and
smoke opacity. Katekaew et al. [34] blended waste
cooking oil biodiesel and diesel-like fuel with
composition 6:94, 10:90, 20:80, 30:70, and 34:66,
then fueled into a single-cylinder diesel engine
tank to investigate engine speed and performance.

© Sugeng Priyanto et al.

Yadav et al. [35] mixture hydrocarbon fuel with
diesel fuel from waste transformer oil (25:75,
50:50, and 75:25) and used in CI engines to
investigate brake torque, brake power, and CO
emission.

Furthermore, to examine the effect of mixed
fuel on engine performance at various engine
speeds,
experiments by filling blended fuel in diesel
engine tanks and testing at different engine

several researchers conducted

speeds. Hardiyanto and Prawoto [36] mixed
biodiesel and diesel, then tested in heavy-duty
diesel engines using engine speeds between 1300
— 2250 rpm. They found an increase in engine
speed promoted to decrease in brake torque and
brake thermal efficiency. Ooi et al. [37] blended
palm oil and biodiesel-diesel and then tested them
in single-cylinder diesel engines using 1500, 2000
and 2500 rpm engine speed, resulting in the
highest brake-specific fuel consumption at 1500
rpm and brake thermal efficiency at 2000 rpm. Al-
Bawwat et al. [38] conducted a diesel blend with
biodiesel from muskmelon seeds, then fueled in a
single-cylinder diesel engine and ran with various
engine speeds (1200-2000 rpm). An increase in
engine speed promoted increased brake-specific
fuel consumption and decreased brake thermal
efficiency.

According to various findings, using WLO for
the distillation process resulted in the DP's
varying densities, LHV, and flash points.
Therefore, the present research was conducted on
distilled WLO through a distillation process. The
viscosity, density, LHV, and flash point of WLO
and DP were determined by several
characterizations. An engine performance test
using a CI engine was also conducted, where the
DP was mixed with Pertamina Dex (0, 5, 10, and
15 vol.%). CI engine speed variations were also
carried out at 1000, 1500, 2000, and 2500 rpm to see
the influence of the mixed fuel on torque, power,
specific  fuel (SFC), thermal
efficiency, and smoke opacity.

consumption

2. Methods

2.1. Material and Distillation

WLO was collected from several vehicle repair
shops. Distilled WLO
equipment, as seen in Figure 1. Firstly, seven liters
of WLO were filled into the main tank of the
customized distillation equipment. Afterward, the

using  distillation
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custom distillation equipment was run. The heater
heated the WLO and transformed it into a vapor
phase. The vapor phase moves to the condenser,
converts to the liquid phase, and then fills the fuel
storage tank. After reaching the 380-minute
distillation process, the DP reached 500 ml of
volume, and then the distillation was stopped.
The DP was collected and stored for further
characterization.

According to Figure 2, at the 140-minute time
measurement, the temperature in the reactor
reaches 150 °C and increases straight forward
until it reaches 250 °C at the 380-minute
measurement time. By increasing time, the
molecular chain breaks down and decomposes the
WLO [22]. Moreover, increasing the temperature
also increases the distillation product volume [25].

2.2. Characterization

The WLO and DP, such as viscosity, density, LHV,
and flash point, are being investigated according
to ASTM D 445, ASTM D 4052, ASTM D 4809, and
ASTM D 92/93 standards, respectively. Before the
experiment for engine performance test using the
CI engine, the DP was mixed with a commercial
diesel product from Pertamina (Pertamina Dex).
DP mixed properly with Pertamina Dex utilising
a composition of 0, 5, 10, and 15 vol. % (0%DP,
5%DP, 10%DP, and 15%DP). This composition
was selected because several researchers used to
start from a small amount of addition to higher
concentration.
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Figure 1. Schematic of distillation equipment
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The mixed fuels results are presented in Figure
3. Fuel compositions were investigated to find
density and LHV. According to Figure 3, it can be
seen that more added DP in the diesel would
to darker.
Furthermore, there are no visible lumps, which

change the mixed fuel color
indicates that the fuel mixture can be mixed

evenly.

2.3. Experimental in Compression-Ignition (CI)
Engine
The CI engine tests were performed using
single-cylinder, vertical, four-stroke, forced
cooling, and direct injection type in the
experiment. The specifications of the CI engine
can be seen in Table 1.

0 T r . . T
100 150 200 250 300 350 400
Time (minutes)

Figure 2. Temperature vs. time for distilled WLO in
distillation equipment

Figure 3. Fuels for an experiment on a CI engine:
(a) 09%DP; (b) 5%DP; (c) 10%DP; (d) 15%DP

Table 1. Specifications of the CI engine

Parameter Value
Displacement 441 cc
Bore 86 mm
Stroke 76 mm
Maximum power 6.8 kw/3600 rpm
Idle speed 1300+100 rpm
Maximum torque 22 N.m/2400 rpm
Compression ratio 21:1
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Fuel was filled into the fuel tank, and the CI
engine was started and ran at idle for around 15
minutes. After reaching 15 minutes of operation,
various CI engine speeds were set at 1000, 1500,
2000, and 2500 rpm to see the influence of various
fuel compositions on rotating speeds. Those
speeds used (1000 to 2500 rpm) in the present
experiment were chosen due to several
researchers using 1200 to 2500 rpm [36-38]. While
the engine was running, fuel would automatically
pump into the diesel engine. In this stage, fuel
consumption could be found. Furthermore, the
hydro brake would measure the force and be
presented in an indicator panel. Generally, the
force and fuel consumption (mass flow rate) were
found according to the apparatus used (Figure 4).
Moreover, the smoke opacity was measured using
Neomotec Opacity Smoke Meter CGO-600
equipment. The equipment is periodically
calibrated before the test is conducted. The
completed schematic CI engine performance test
is presented in Figure 4.

For advanced investigation, torque, power,
SFC, and thermal efficiency were calculated using
the following equations [5,39,40].

T=FxL 1)

© Sugeng Priyanto et al.

m x 1000
SFC = ———— 3)
P
P
= 4
Nth h 4)

where T is torque (Nm), F is force (N), L is length
(m), P is power (W), n is IC engine speed (rpm),
SFC is specific fuel consumption (kg/kW h), m is
mass flowrate (g/s), 7 is thermal efficiency (%),
and h is LHV (kJ/kg).

All calculations according to Eq. (1) to Eq. (4)
in the present research use Microsoft Excel to
avoid any potential human error in calculating the
torque, power, SFC, and thermal efficiency.
Potential human errors are commonly found if the
calculation is used manually, such as with a
calculator.

3. Results and Discussion

3.1. Material Characterization Result

Several property characterizations for WLO
and DP were conducted to examine kinematic
viscosity, density, LHV, and flash point. Then,
both were compared to verify that the distillation
process was successful. The properties of the
WLO and DP are presented in Table 2. The
properties of those materials must be found

_ZxmxnXT (2) according to several ASTM measurement
60000 standards.
. _— 3
2 1
[T 11 = = [ 1 [
No Equipment
1 Diesel Engine
5 4 ! 6 2 Hydro Brake
3 Emission Test
\ 4 Fuel Tank
[1 11 L1 LT 5 Fuel Pumps
6 Indicator Panel
Figure 4. Schematic engine performance test
Table 2. Properties of the WLO and DP
Provert Unit Result Measurement
perty WLO DP standard
Kinematic viscosity at 40 °C mm/s? 48.33 9.879 ASTM D 445
Density at 15 °C g/cm® 0.8737 0.8553 ASTM D 4052
LHV kJ/kg 45359.3 44160.4 ASTM D 4809
Flash point °C 174 33 ASTM D 92/93
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As shown in Table 2, the viscosity of DP is
lower than that WLO. Lower viscosity is due to
distillation processes evaporation,
atomization, and fuel-air mixing [26]. Therefore,
different research could result in different
viscosities of DP. Effendy et al. [26] have found
that the DP kinematic viscosity of the WLO is
around 2.155 mm/s?. Wang and Ni's [23] study
found that the kinematic viscosity value of the DP
is 4.3 mm/s? when conducting distillation using
WLO.

Daopiset et al. [25] research shows that the
kinematic viscosity of diesel at 40 °C is between 2
and 4.5 mm/s2. As shown in Table 2, DP has a
higher viscosity than diesel used in the Daopiset

such as

et al. study. The viscosity value of the DP is
significantly influenced by the accumulation of
raw materials in the oil lubricants. Fresh lubricant
oil raw material contains various compounds [26].
Moreover, WLO could contain heavy metals.
Hence, the DP viscosity of different research
studies on oil lubricant waste could differ. Zare et
al. [24] used WLO in their research with a viscosity
of 30 mm/s?. The present study employed a waste
engine oil with a viscosity of 48.33 mm/s2
Moreover, the type of distillation apparatus used
in the various research studies is also different;
this might have caused the product viscosity of
each researcher's results to differ.

Generally, DP characteristics such as density,
LHYV, and flash point decrease after the distillation
process. According to the Predojevi¢ [41] study,
the formed density of the fuel depends on the raw
material and the purification steps. Arpa et al. 's
[27] resulting density of the DP from WLO is
around 0.818 g/cm3. According to Li et al. [28],
different stages of oil processing also influence the
LHV. Wang and Ni's [23] study found that the
LHYV of the DP from WLO is around 42000 kJ/kg.
The flash point of diesel fuel varies between 52
and 96 °C [25]. According to Effendy et al. [26],
material with a higher flash point has a tendency
difficulties to be more flammable than material
with a lower flash point.

The mixed fuel density and LHV are
presented in Table 3. The density of mixed fuel
and LHV were found using the characterization
test according to ASTM D 4052 and ASTM D
4809. Increasing the DP value affects an increase
in density and a decrease in LHV. This
phenomenon indicates the DP's density is higher

than Pertamina Dex, and the LHV value of the
DP is lower than Pertamina Dex [26]. Ozgﬁr and
Tosun's [30] research has predicted density using
an artificial neural network for a mixture of
diesel and biodiesel. Biodiesel has a higher
density than diesel, and when biodiesel content
in the mixed fuel increases, it increases the mixed
fuel's density.

Furthermore, increased density in the mixed
fuel could decrease engine performance in areas
such as torque and power [33]. A decrease in LHV
affect specific
consumption (SFC) and thermal efficiency of the
tested engine [27,42]. Those influences will be
discussed in another section.

value could reduced fuel

3.2. Engine Performance Test Result
3.2.1. Torque

The torque vs CI engine speed rotation can be
seen in Figure 5. The torque was calculated using
Eq. (1). According to Figure 5, all fuels behave
similarly; increasing the CI engine speed rotation
from 1000 to 2500 rpm could enhance torque. This
behavior is due to lesser friction and more
complete combustion at higher engine speed
rotation. The result is consistent with the engine
specifications (Table 1). Generally, all mixed fuel
torque values are lower than neat fuel. According
to Figure 5, it can be seen that at constant engine
speed, torque decreases when the content of the
DP in the mixed fuel increases. This condition is
probably due to the higher density of the mixed
fuel than neat fuel. Seifi et al. [33] have found that
increased density in the mixed fuel promotes
decreased torque of the tested engine.

The fuel density has the most significant effect
on the diesel engine injection timing. The higher
density of the fuel requires an earlier injection
time [43]. The fuel density also influences the
spray tip penetration and spray characteristics.
Higher fuel density resulting a larger spray angle
[44]. Increasing fuel density lowers the spray
tip/tail penetration rate [45]. Moreover, as fuel is
injected into the combustion chamber, the chain
changes from atomization— breakup—mixture.
This is strongly affected by the density of the fuel
[46]. Therefore, it could be affecting combustion
behavior. Lower combustion behavior promoted
a decrease in the engine's torque [47].
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Table 3. Mixed fuel density and LHV value

Property of Fuel Density (g/cm®) LHV (kJ/kg)
0%DP 0.8200 45130
5%DP 0.8215 45081.5
10%DP 0.8230 45033
15%DP 0.8245 44984.5
10

= 0%DP .
9 a
s 5%DP .
84 4 10%DP . =
§ 7 v 15%DP :
5 64 -
g y’
= 51 o
4 1 | |
3{ &
1000 1500 2000 2500

CI engine speed (rpm)

Figure 5. Torque vs CI engine speed rotating

3.2.2. Power

Power was calculated using Eq. (2). Power vs
CI engine speed rotation can be seen in Figure 6. It
seems all fuels have similar behavior; increasing
CI engine speed rotation from 1000 to 2500 rpm
would increase the power. This condition,
probably due to a higher engine speed, led to
increasing fuel flammability and more power.
Compared to the engine specification (Table 1), the
maximum power of the tested CI engine is 3600
rpm, which is consistent with the present result.
According to Figure 6, the CI engine operated
using mixed fuel and tended to lower power than
neat fuel, which behaves similarly to torque (see
Figure 5). Increasing the content of the DP in the
mixed fuel influenced by a decrease in power.
Seifi et al. [33] have found that the power
decreases due to the increased density of the
mixed fuel. As seen in Table 3, an increase in DP
content in the mixed fuel led to an increase in
density. The fuel density value could affect
combustion duration. An increase in fuel density
could be resulting a decrease in combustion
duration [48]. According to Dzida et al. [49], an
increase in fuel density would decrease engine
power due to different mass flows of fuel injected.
Moreover, increased fuel density could also
decrease flammability, contributing to reduced
engine power [26].

The in engine power is
influenced by a reduction in heating value [33]. A

decrease also

decreased heating value contributed to a reduced
net heat release rate [50]. Moreover, a reduction in
LHYV could decrease the energy level of the mixed
fuel, therefore decreasing engine power [51].
According to Table 3, the fuel LHV decreases
when the DP content in the mixed fuel increases,
resulting in a decrease in engine power.

3.2.3. Specific Fuel Consumption (SFC)

SFC was calculated by using equation (3). The
SFC vs CI engine speed rotation can be seen in
Figure 7. Increased rotation speed of the CI engine
from 1000 to 2500 rpm promoted to a decrease in
SFC. This behavior is probably due to heat losses
through the wall of the combustion chamber being
higher proportionally and combustion efficiency
being low at low speed. Therefore, this results in
higher specific fuel consumption at lower speeds
[52]. Moreover, comparing Figure 6 and Figure 7, it
can be seen that the power and SFC are inverse
proportionally in various engine speeds. Prasanna
Raj Yadav et al. [35,53] have found that the SFC
depends on power; increasing power reduces
SFC, which perfectly agrees with present research.

Increased DP content in various mixed fuels at
constant IC engine speed resulted in decreased
SFC. This behavior is probably due to reduced fuel
LHYV, which is caused by increasing the DP in the
various mixed fuels (see Table 3) [33]. A decrease
in heating value contributed to a reduction in the
net heat release rate and energy level of the mixed
fuel, which contributed to combustion efficiency
and directly affected the SFC [50,51]. Moreover,
Arpa et al. [27] have found that lower fuel LHV
results in lower SFC at various engine speeds,
which perfectly agrees with the present study.

2500 4 0%DP .
5%DP 2
10%DP d
2000 1 v 15%DP
| |
% 1500 .
Q ¥
g
a, 1000 + ,
5004 .
]
0 : . . T
1000 1500 2000 2500

CI engine speed (rpm)

Figure 6. Engine power output for different mixed fuel
versus CI engine speed rotating
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Figure 7. SFC versus CI engine rotating speed

3.2.4. Thermal Efficiency

Thermal efficiency was calculated using
equation (4). Thermal efficiency vs CI engine
speed rotation can be seen in Figure 8. All fuels
have a similar trend; increasing CI engine speed
rotation from 1000 to 2500 rpm could increase
thermal efficiency. When comparing thermal
efficiency to SFC, it can be seen that it is inversely
proportioned, which perfectly agrees with other
researchers [7,34,54].

Yadaf et al. [53] found that increased power
raised thermal efficiency, which aligns with
present research. Moreover, Effendy et al. [26]
found that thermal efficiency decreases due to
reduced power combined with increased fuel
consumption, which perfectly aligns with the
present research. Furthermore, Musthafa [55]
found that lower fuel LHV resulted in lower
thermal efficiency at various brake power
conditions. Lower thermal efficiency is affected by
lower fuel LHV and promotes a decrease in fuel
energy conversion to mechanical power [56].
Compared to Table 3, it can be seen that the
increased DP composition in the mixed fuel leads
to decreased fuel LHV. As mentioned above,
reduced LHV contributed to a decrease in the net
heat release rate and energy level of the mixed
fuel, which contributed to combustion efficiency
and, therefore,
efficiency [50,51].

a reduction in the thermal

3.2.5. Smoke Opacity

Smoke opacity vs CI engine speed rotation can
be seen in Figure 9. The behaviors of all fuels are
similar. Increasing the CI engine rotation speed
from 1000 to 2500 rpm promoted an increase in
smoke opacity. The rise in DP content in the mixed
fuel at similar operating conditions caused an

increase in smoke opacity (Figure 9). Higher smoke
opacity indicates incomplete combustion [54]. The
reason for this behavior is likely due to the rise of
the DP content in the mixed fuel, which resulted
in a decrease in fuel LHV. According to Effendy et
al. [26], higher LHV leads to a higher contribution
to intensifying combustion behavior, resulting in
the lowest smoke opacity. Moreover, Rozak et al.
[32] found that the smoke opacity of Pertamina
Dex at 1500 rpm was around 14-16%.

Besides fuel LHV, fuel density also contributed
to pollution, such as smoke opacity [46].
According to Liu et al. [48], enhanced fuel density
could increase the emission. The fuel density also
contributed to the incomplete combustion, which
could strengthen the smoke opacity. Higher fuel
density also requires an earlier injection time [43].
Moreover, fuel could affect
combustion duration; an increase in fuel density
could decrease [48].
Therefore, there is an increase in smoke opacity by
the rise in fuel density.

density value

combustion duration

45
]
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Figure 8. Thermal efficiency versus CI engine speed
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Figure 9. Opacity versus engine speed rotating
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4. Conclusion

Distillation of WLO has been successfully
conducted. The DP has a lower viscosity, density,
LHYV, and flash point than WLO. According to the
testing of mixed fuel on CI engines, an increased
content of DP in the mixed fuel promoted to
decreased torque, power, SFC, thermal efficiency,
and increased smoke opacity. This behavior is
because of the increased density and reduced
LHYV of mixed fuel. Therefore, the suggested use
of a catalyst in the distillation process could
probably decrease density and increase the LHV
of fuel. Moreover, enhanced CI engine speed
would increase linearly of the torque, power,
thermal efficiency, and smoke opacity. On the
contrary, a rise in CI engine speed promoted
decreased SFC.
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