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The ever increase in global energy demand, consumption of depletable
fossil fuels, exhaust emissions and global warming, all these led to
search about alternative fuels. Biodiesel and its blends with diesel fuel
are investigated to solve the problem of depletion of fossil fuels and
environmental impact. Biodiesel was produced from waste cooking-oil
by transesterification process. Blends of waste cooking-oil biodiesel
and diesel oil were prepared in volume percentages of 20, 40, 60, 80

and 100% as B20, B40, B60, B80 and B100. Biodiesel blends have
ASTM standards of physical and chemical characterization near to
diesel fuel. Diesel engine performance and exhaust emissions were
studied experimentally for burning waste cooking-oil blend with diesel
fuel. This experimental was applied on a diesel engine at different
engine loads from zero to full load. Thermal efficiencies for waste
cooking-oil biodiesel blends were lower than diesel oil. Specific fuel
consumptions of biodiesel blends were higher than diesel fuel. Higher
exhaust gas temperatures were recorded for biodiesel blends compared
to diesel oil. CO, emissions for waste cooking-oil biodiesel blends were
higher than diesel oil. CO and HC emissions for biodiesel blends were
lower than diesel fuel. NO, emissions for biodiesel blends were higher
than diesel fuel.
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Introduction:-

The need of energy is increasing continuously due to rapid increase in the number of industries and vehicles owing
to population explosion. The sources of this energy are petroleum, natural gas, coal, hydrocarbon and nuclear. The
major disadvantages of using petroleum based fuels are atmospheric pollution created by the use of petroleum diesel
[1]. The use of bio-fuels in place of conventional fuels would slow the progression of global warming by reducing
sulfur and carbon oxides and hydrocarbon emissions [2]. A biofuel is a fuel that produced through contemporary
biological processes, such as agriculture and anaerobic digestion, rather than a fuel produced by geological
processes. Also those involved in the formation of fossil fuels, such as coal and petroleum, from prehistoric
biological matter. Biofuels can be derived directly from plants, or indirectly from agricultural, commercial,
domestic, and/or industrial wastes [3]. Biodiesel is an alternative diesel fuel derived from vegetable oils or animal
fats. The main components of vegetable oils and animal fats are triglycerides or also known as ester of fatty acid
attached to glycerol [4]. This renewable fuel can be produced from different feedstock containing fatty acids. Such
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as animal fats, non-edible oils (Jatropha oil, Karanji or Pongamia oil, Neem oil, Jojoba oil, Cottonseed oil, Linseed
oil, Mahua oil, Deccan hemp oil, Kusum oil, Orange oil, and Rubber seed oil), and waste cooking oils and by
products of the refining vegetables oils and algae [5]. There are different processes which can be applied to
synthesize biodiesel such as direct use and blending, micro emulsion process, thermal cracking process and the most
conventional way is transesterification process. This because that method is relatively easy, carried out at normal
conditions, and gives the best conversion efficiency and quality of the converted fuel [6]. Trans-esterification
method refers to a catalyzed chemical reaction involving vegetable oil and alcohol to yield fatty acid alkyl esters
(biodiesel) and glycerol. It requires a catalyst, usually a strong base, such as sodium and potassium hydroxide or
sodium methylate [7]. A number of researchers have experimentally investigated the combustion, performance, and
emission characteristics of vegetable oils and their esters in diesel engines. Kinoshita et al have investigated the
combustion and emission characteristics of palm and rapeseed oil methyl esters and compared with gas oil in
naturally aspirated water-cooled small direct injection (DI) diesel engine and swirl-chamber diesel engine. They
found that the ignition delay of palm oil methyl ester was found to be lower when compared to gas oil. Similarly
rapeseed methyl ester showed a longer ignition delay as compared to gas oil. The authors have also reported that the
distillation temperatures of palm oil methyl ester at 5 to 90% recovery are lower than rapeseed oil methyl ester and
stated that the former has a better volatility as compared to the later [8]. In comparison with conventional diesel
fuels, the fuel-borne oxygen in biodiesel may promote more complete combustion. Thus reduce particulate matter
(PM), carbon monoxide (CO) and total hydrocarbons (THC) in compression-ignition engine, while increase nitrogen
oxides (NOx) [9]. According to a review on emission data for heavy-duty engines published by EPA (Environmental
Protection Agency of USA) ,from diesel to B20 (20% biodiesel by volume), CO, HC, and PM decreased by 13%,
20% and 20% respectively, while NO, emission increased by 4% on average [10].The aim of this study is to
investigate the combustion, performance and emissions of a diesel engine operating on biodiesel blends, using
biodiesel produced from waste cooking oil, and to compare these results with those obtained from diesel.

Experimental set-up and apparatus:

The experimental apparatus used for this study includes one cylinder diesel engine, coupling, water cooling coil,
diesel fuel tank, load adjustment, forced air inlet, outlet exhaust, water dynamometer inlet, water dynamometer exit,
water tank, water dynamometer inlet, power, torque and RPM output.
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Figure 1:-schematic layout for single cylinder engine with dynamometer
The engine used in the thesis is DEUTZ FL 511/W which is a single cylinder four stroke DI diesel engine modified

to partially premixed charge compression ignition engine (PPCCI) mode for running by using an intake manifold
system. The diesel engine specifications are summarized in Table (1).
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Table 1: Diesel engine specifications

Engine Parameter Specification
Type DEUTZ FL 511/W
No. of cylinder 1 cylinder

Bore 100 mm

Stroke 105 mm
Displacement 825 cm3
Compression ratio 17

Power 7.7 HP =5.7 kW
Cooling type Air cooling
Direction of rotation Counter-clockwise
Weight 116 kg

Oil capacity, approx. 2.4 liter
Lubrication system Forced circulation
Piston crown clearance 1-1.2 mm

Inlet valve opens 32° before TDC
Inlet valve closes 59° after BDC
Exhaust valve opens 71° before BDC
Exhaust valve closes 32° after TDC
Inlet valve closes 59 after BDC
Exhaust valve opens 71 before BDC
Exhaust valve closes 32 after TDC
Injection release pressure 160 bars

Exhaust gas analyzer: The tests of NO,, CO, CO, and UHC can be attempted by HPC 500/400 auto exhaust
emissions analyzer which select non-dispersive infrared ray (NDIR) based on different gases absorbs infrared rays.
For testing UHC, CO, CO, and NO, emissions the instrument select the same light source and the detectors by
advanced technologies such as AGC circuit, micro processing computing technology and automatic zeroing display
the measured values.

The exhaust analyzer can display instantaneous value and average concentration value as required by national
inspection code which displayed by the front panel or printed out. An oxygen sensor is mounted for testing the
oxygen concentration which its output current has linearity relationship with oxygen concentration.

In order to know the auto combustion and the exhaust has leakage or no, the instrument can display the excessive air
coefficient (A), the carbon monoxide (CO), the carbon dioxide (CO,), the nitrogen monoxide (NO) and the nitrogen
dioxide (NO,) which are related to the nature of the combustion. The smoke opacity can be measured by using gas
and smoke analyzer HPC 500/400 which measure the smoke opacity according to filter exist at lens at the back of
the setup and then the smoke opacity can be measured visually according to the blackness at the filter.

Table 2:-Specifications of the standard diesel and biodiesel

SPECIFICATION DIESEL BIODIESEL STANDARD
Calorific Value (MJ/KG) 42.1 93.51 ASTM D240
Density (Kg/m?3) 830 875 ASTM D1298
Cetane Number 55 68 ASTM D976
Kinematic Viscosity (mm?/sec) 2.38 3.54 ASTM D445
Flash Point (°C) 45 158 ASTM 93
Specific Gravity at (15°C) 0.85 0.88 ASTM D1298
Auto Ignition Temperature (°C) 263 273 ASTM D6751
Molecular weight 200 292 ASTM D6751
Cloud Point (°C) 0 6 ASTM D2500
Oxygen (wt.%) 0 9.414 ASTM D5291
Water (vol.%) 0.05 0.05 ASTM D6751
EasterYield (%) | - 93.24 EN 14214
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Specifications of diesel and biodiesel samples:
The specifications of the produced biodiesel are measured by the laboratories of biodiesel Alrafeek Company. The
standard specifications of diesel and biodiesel, which are used for the experiments, are listed below in Table 2.

Error anaysis:-

Errors and uncertainties in the experiments can arise from instrument selection, condition, calibration, environment,
observation, reading, and test planning. Errors will creep into all experiments regardless of the care which is exerted.
Uncertainty analysis is needed to prove the accuracy of the experiments. In any experiment, the final result is
calculated from the primary measurements. The error in the final result is equal to the maximum error in any
parameter used to calculate the result (Holman) Percentage uncertainties of various parameters like total fuel
consumption, brake power, brake specific fuel consumption and brake thermal efficiency was calculated using the
percentage uncertainties of various instruments used in the experiment. For the typical values of errors of various
parameters given in Table 4, using the principle of propagation of errors, the total percentage uncertainty of
an experimental trial can be computing as the following:

Total percentage uncertainty = \/(BP)% + (BSFC)? + (BTE)?2 + (EGT)2 + (HC)% + (C0)% + (NOx)? + (C02)?

Result and discussion:-

By installing irrigation diesel engine, the injection pressure was adjusted to 140 bar and the fuel temperature was at
25°c. there was no changes for pressure and temperature for all experiments. The emission measure devise was
installed at the exhaust discharge.

Figure 2 shows that by increasing the engine load, the fuel mass flow (MF)rate percentage increased at different fuel
blends. After replacement diesel fuel by biodiesel blend (B20), MF increased. After increasing load by
dynamometer, the MF is increasing for B20. After replacing the biodiesel fuel (B20) with biodiesel blend
(B40,60,80,100) as sequence, there was direct proportion between biodiesel blend number and MF.

Figure 3 which shows the increasing rate of MF by increasing the biodiesel blend ratio, the increasing rate was
calculated by considering the diesel reference to other fuel. The rate has calculated by the following equation:

MF(Bi) — MF(B0)

RME) = —r B0y

R: is rate of increasing
MF (Bi): value of mass fuel rate at variable biodiesel fuel
MF (B0): value of MF at diesel fuel

This means that fuel consumption increases for biodiesel than diesel. The increasing change by load changing and
biodiesel blend ratio. For all blends the increasing rate raises gradually by increasing load.

A diesel engine test using waste cooking-oil biodiesel fuel was run to investigate engine performance. Figure 4
shows that with increasing load by dynamometer, the Brake Specific Fuel Consumption (BSFC) value decreased
with different fuel blends. By using diesel, BSFC increases with load. After replacing diesel fuel by biodiesel blends
by adding 20% of waste cooking-oil biodiesel by volume, there was increase in specific fuel consumption. These
were reported by many researchers [11-15]. By increasing biodiesel blend ratio, we found positive proportion
between biodiesel blend number and BSFC as reported by Srithar et al (2014) [16] and Kolhe et al (2014) [17].
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Figure 3:-Rate of MF increasing for biodiesel blends

Figure 5 shows the increased rate of BSFC by increasing the biodiesel blend ratio, which means that BSFC increases
for biodiesel than diesel.
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Figure 5:-Rate of BSFC increasing for biodiesel blends

Figure 6 shows break thermal Efficiency (BTE), which means the capacity of mechanical energy conversion by
engine from heat released by the explosion of fuel inside the cylinder volume. BTE was directly proportional to
brake power developed and inversely proportional to mass fuel injection and calorific value. These results obtained
were similar to results reported by many researchers [18, 19, 20, 21, 22, 23]. Figure 7 shows the decreasing rate of
BTE by increasing the biodiesel blend ratio, which means that BTE decreases for biodiesel than diesel. the
increasing change by load changing and biodiesel blend ratio.
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Figure 8 shows by increasing engine load, the Exhaust Gas Temperature (EGT) value increased with different fuel
blends. By using diesel EGT increases with load. By replacing diesel fuel with biodiesel blends, EGT decreased.

After
replac

increasing load by dynamometer, the EGT increased. For B20, EGT decreased compared to diesel After
ing biodiesel fuel (B20) with biodiesel blend (B40,60,80,100) as sequence, we found opposite proportion

between biodiesel blend number and EGT.
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Figure 9:-Rate of EGT decreasing for biodiesel blends

Figure 9 shows the decreasing rate of EGT by increasing the biodiesel blend ratio, which means that EGT decreases
for biodiesel than diesel. Figure 10 shows that by increasing engine load, the NO, increased with different fuel
blends. By using diesel, NO, increased with load. After replacement diesel fuel with biodiesel, blend (B20) which
consists of 20% waste cock oil biodiesel and 80% diesel. The NO, increased compared to diesel. After increasing
load by dynamometer, the NO, increased for B20. After replacing biodiesel fuel (B20) with biodiesel blends
(B40,60,80,100) as sequence, there was a direct proportion between biodiesel blend percentage and NOx emission
as shown by R.KARTHIK M.E. and PRABHAKARN M.E. (2016) [24]. Figure 11 shows the increasing rate of NOy
by increasing the biodiesel blend ratio
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For all blends the increasing rate reduces by increasing load, which means that it can be overcome the increasing of
NOx in biodiesel by increasing load at biodiesel fuel, this was also showed by M.N. Nabi et al (2009) [25].

Figure 12 shows the variation of CO, emission with different engine load for waste cooking-oil biodiesel blends.
CO, emission is more for biodiesel and its blends than that for diesel fuel. The rising trend of CO, emission with
engine load was due to the higher fuel entry as the load increased. CO, emissions for diesel-biodiesel blends were
higher than diesel oil and it increased with the increase in blend proportion. CO, emission increase was due to
higher oxygen content in biodiesel blends.

Figure 13 shows the increasing rate of CO, by increasing the biodiesel blend ratio. the rate of increase varies by load

changing and biodiesel blend ratio. For all blends the increasing rate raises to the maximum at zero load then
reduced gradually by increasing load.
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Figure 14 shows a decrease in carbon monoxide emission for biodiesel blends was due to more oxygen molecules
and lower carbon content in biodiesel blends as compared to diesel fuel, which lead to better combustion. The
presence of oxygen in waste cooking-oil biodiesel blends is helpful for better combustion and reduction of CO
emissions. Suryawanshi [26] found that 100% biodiesel experienced lower CO.

Figure 15 shows the decreasing rate of CO emission by increasing the biodiesel blend ratio, which means that CO
decreases for biodiesel than diesel. The increasing change by load changing and biodiesel blend ratio.

Figure 16 shows that by increasing engine load by dynamometer, the unburned hydrocarbon HC values increased
with different fuel blends. By using diesel, HC increased with load. After replacement diesel fuel by biodiesel blend
(B20), HC decreased compared to diesel. In case of B20 with increasing load by dynamometer, the HC increased.
With replacing biodiesel fuel (B20) with biodiesel blend (B40,60,80,100) as sequence , there was negative
correlation between biodiesel blend number and HC as shown by Adaileh and AlQdah (2012) [27, 28].
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Figure 17 shows the decreasing rate of HC by increasing the biodiesel blend ratio, which means that HC decreases
for biodiesel than diesel. The increasing change by load changing and biodiesel blend ratio.
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Figure 18 shows that by increasing engine load by dynamometer, the residual oxygen (O,) value decreased with
different fuel blends. By using diesel, O, decreases with load. After replacement diesel fuel by biodiesel blends, O,
decreases than diesel. After increasing load by dynamometer, the O, decreased. For B20, O, decreased compared to
diesel. After changing biodiesel fuel (B20) by biodiesel blend (B40, 60, 80,100) as sequence we found negative
correlation between biodiesel blend number and O..
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Figure 19:-Rate of O, decreasing for biodiesel blends

Figure 19 shows the decreasing rate of O, by increasing the biodiesel blend ratio, which means that O, decreased for
biodiesel than diesel fuel. Variations of waste cooking-oil emissions for different biodiesel blends with respect to
engine load are shown in figure 20. Smoke emission increased with engine power output for all fuels. The increased
pattern of emissions is due to the increase of fuel consumption with engine output power. Presence of branched and
ring structures in diesel fuel increases the emission levels. Smoke emissions of biodiesel blends were lower than
diesel fuel under similar operating conditions. This inbuilt oxygen in biodiesel blends led to better combustion and
smoke emission reduction. Smoke emission decreased with increase in biodiesel percentage in biodiesel blends [29].

Figure 21 shows the decreasing rate of smoke by increasing the biodiesel blend ratio, which means that smoke

decreases for biodiesel than diesel. The increasing change by load changing and biodiesel blend ratio was also
reported by K.A. Abed et al (2018) [30].
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Figure 21:-Rate of Smoke decreasing for biodiesel blends
Conclusion:-

A single cylinder diesel engine was run using waste cooking-oil biodiesel blends B20, B40, B60, B80 and B100.
Performance and exhaust emissions were measured at different engine loads of 1, 2, 3,4 and 5 kW at constant engine
speed of 1500 rpm. Specific fuel consumption, thermal efficiency, exhaust gas temperature and mechanical
efficiency were measured. CO, CO,, NOx, HC and the emissions were measured and compared with diesel fuel. The
following conclusions could be summarized as:

1. Thermal efficiencies of waste cooking-oil biodiesel blends were lower compared to diesel fuel

2. It was found that brake specific fuel consumptions were higher in biodiesel than diesel and the increasing is

approximately 50g/kw.hr for 20% increasing in blend ratio.
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3. CO were lower for waste cooking-oil biodiesel blends compared to diesel fuel, the CO reduction was 0.1% for
b20 than diesel and that reduction reduces by higher biodiesel blend ratio.

4. There was significant negative correlation between unburned hydrocarbon (HC) and waste cooking-oil biodiesel
blends concentration.

5. Higher biodiesel fuel blends increase NO, emission. The increasing between diesel and B20 was 50ppm for
NO, while the increasing seems to be constant with 15ppm for 20% excess biodiesel blend ratio from B40 to
B100.

6. O, were lower for waste cooking-oil biodiesel blends compared to diesel fuel. Dcreasing in O, was 0.5% for
diesel, B20 and B40, although decreasing reach to 1% from B60 to B80 and B100.

7. There was significant negative correlation between exhaust gas temperature (EGT) and waste cooking-oil
biodiesel blends concentration.

8. Higher biodiesel fuel blends increase CO, emission. Increasing in CO, was 0.25% for diesel, B20 and B40,
although increasing reach to 0.5% from B60 to B80 and B100.

9. Smoke of waste cooking-oil biodiesel blends was lower compared to diesel fuel.
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