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Abstract:



The aim of this work was to study the combustion, performance, and emission characteristics of a 5.5 kW four-stroke single-cylinder water-cooled direct-injection diesel engine operated with blends of biodiesel-like fuel (BLF15, BLF20 & BLF25) obtained from a 50:50 mixture of transesterified waste transformer oil (TWTO) and waste canola oil methyl esters (WCOME) with petroleum diesel. The mixture of the waste oils was named as biodiesel-like fuel (BLF). The engine fuelled with BLF blends was evaluated in terms of combustion, performance, and emission characteristics. FTIR analysis was carried out to know the functional groups in the BLF fuel. The experimental results revealed the shorter ignition delay and marginally higher brake specific fuel consumption (BSFC), brake thermal efficiency (BTE) and exhaust gas temperature (EGT) values for BLF blends as compared to diesel. The hydrocarbon (HC) and carbon monoxide (CO) emissions were decreased by 10.92–31.17% and 3.80–6.32%, respectively, as compared to those of diesel fuel. Smoke opacity was significantly reduced. FTIR analysis has confirmed the presence of saturated alkanes and halide groups in BLF fuel. In comparison to BLF20 and BLF25, the blend BLF15 has shown higher brake thermal efficiency and lower fuel consumption values. The HC, CO, and smoke emissions of BLF15 were found lower than those of petroleum diesel. The fuel blend BLF15 is suggested to be used as an alternative fuel for diesel engines without any engine modification.
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1. Introduction


Global warming has been intensified over the past three decades because of the drastic increase in greenhouse gases (GHG) generated by fossil fuels. Resulting from global warming, the abnormal climate change is the causative agent for phenomena like intense heat, sudden rainstorms, typhoons, and floods. The mitigation of GHG emissions and change in climate behavior has become a primary motivation for bio-fuels research. Moreover, growing concerns of environmental contamination due to excessive use of fossil fuels has stimulated the scientists of the world to search for more environmentally-friendly, feasible, and renewable fuels. In this connection bio-fuels, like biodiesel, have received a remarkable attention to be used as alternatives for diesel engines [1,2].



Generally, biodiesels derived from waste vegetable oils are economically more feasible to be used as a replacement for diesel fuel. Additionally, they emit less pollutant and GHG emissions. Mostly, diesel engines are used in agricultural applications, and industrial and urban transportation purposes. Despite their noise and vibration disadvantages, they have a large power output, high thermal efficiency, and are highly reliable. However, in comparison to gasoline engines, diesel engines emits relatively more nitrogen oxide (NOx) and particulate matter (PM). Moreover, the regulations for NOx and PM emissions (smoke opacity) from diesel have been strengthened and their emissions are important environmental issues [3,4,5,6,7,8].



In Pakistan, there are negligible petroleum reserves. Thus, the country imports petroleum fuel every year from international markets and spends a very large amount of its foreign currency against fuel import bills; this action makes the country economically feeble. Pakistan imports petroleum products from the Middle East. In Pakistan, there is a sufficient amount of unused waste transformer oil (WTO), a big source of energy but, unfortunately, this golden waste oil is dumped and discarded every year.



Generally, the main use of transformer oil in the electrical transformers is for the purpose of insulation. After a long-term usage, changes occur in the physicochemical properties of the oil, which is then designated as waste oil and is replaced. Poor handling and improper disposal of this waste transformer oil causes environmental pollution as it contains polychlorinated biphenyls (PCBs) which are cancer-causing, and other heavy metals, which might pollute the soil. As per the literature review, the studies on the patients exposed to PCBs indicated the potential impact on liver, gastrointestinal tract, and urinary tract cancers. Apart from respiratory tract irritation, blood changes, fatigue, and depression have been reported. PCBs usually reach the environment as a result of improper waste transformer oil disposal. Elevated levels of some metals harmful to human health, like iron, copper, aluminum, lead, tin, silver, and zinc, are found in waste transformer oils due to their presence in the materials of the transformer components. Iron can be found in the transformer core and tank, lead in soldered connectors and joints, copper can be found in transformer windings, aluminum in ceramic insulators and coils, and tin, silver, and zinc in some peripheral components [9,10,11]. Many transformers are located at shopping centers and populated areas where, if serious spills of the oil occur, it contaminates the soil and waterways and is a serious threat to public health [12,13].



Disposal of waste transformer oil into land or water causes environmental problems. To avoid these problems, reutilization of the waste oil is inevitable. Thus, it is very much necessary to reuse this dangerous waste oil in an environmentally-friendly way as the previous studies indicate that WTO could be used as a diesel substitute [14]. By re-utilizing waste transformer oil in a proper manner, Pakistan can minimize the burden over the foreign exchequers by reducing the import of petroleum products from other countries and reduce environmental problems.



Biodiesel is an eco-friendly and most prominent fuel resource as it emits less pollutant emissions as compared to petroleum diesel. In addition to these benefits, biodiesel increases the engine’s lubricity due to a higher viscosity and contributes to environmental sustainability [15,16]. Dumping of waste vegetable oils is an environmental problem. These waste oils are mostly dumped into bodies of water, which disturb the ecosystem by forming an oily layer on the surface of the water, thereby reducing the oxygen exchange. Furthermore, disposal into the sewerage systems jams the flowing pipes, producing offensive smells and overflowing of sewer pipelines might cause different types of fatal diseases. Therefore, recovering and reusing waste vegetable oils is the need of the time [17].



A large amount of waste energy sources are discharged without utilizing the energy contents available in the waste disposals. Many researchers have worked on alternative fuel resources, such as alcohols, biodiesel, and plastic liquids to be used as alternative fuels for diesel engines [18,19,20]. Many experiments have been performed on the utilization of tire oil and waste lubricating oil as an engine fuel substitute. In this regard Mani et al. [21] demonstrated the effective utilization of waste plastic oil, a renewable and biodegradable fuel produced by the crackling process in adiesel engine. The study reports on reduction in NOx (oxides of nitrogen), CO (carbon monoxide), and UHC (un-burnt hydrocarbon) emissions at retarded injection timing of 14 °CA (crank angle) BTDC (before top dead center). Waste engine oil reutilization in diesel engines by pyrolytic distillation methods were studied [22,23,24,25].



Consequently, the experimental investigation of it in a diesel engine revealed an increase in engine torque and BTE, while CO and NOx emissions were shown to be reduced. However, very few attempts have been made on the usage of waste transformer oil as an engine fuel substitute. Behera et al. [26] directly blended waste transformer oil with diesel fuel without any pretreatment and used it as a fuel in engine; they observed a decrease in smoke density at maximum brake power.



The aim of the present research was to investigate diesel engine combustion, performance, and exhaust emissions by using biodiesel-like fuel blends (BLF15, BLF20, and BLF25) derived from a mixture of pretreated (transesterified) waste transformer oil and waste canola oil as fuel substitutes for diesel engines. The other properties, such as density, viscosity, lower heating value (calorific value), flash point, pour point, acid value, water contents, and Fourier transform infra-red (FTIR) spectroscopy were studied.




2. Materials and Methods


2.1. Samples Collection


Three liters of waste transformer oil sample was collected from the hydro-electric power station located at Multan, Pakistan, as per standard sampling procedures. Three liter samples of waste cooking oil was collected from arestaurant (Eaton Bar BQ Restaurant) located in Multan, Pakistan, which serves mostly fast foods. The cooking oil used was known to be canola oil. The samples were pretreated, transesterified, and blended with petroleum diesel at different concentrations as shown in Table 1.



Table 1. Composition of BLF and its blends.







	
Sr. No.

	
Fuel Type

	
BLF Composition

	
BLF-Diesel Blends Description




	
TWTO Volume

	
WCOME Volume

	
BLF Volume

	
Diesel Volume






	
1

	
Diesel (BLF0)

	
-

	
-

	
0 mL

	
1000 mL




	
2

	
BLF100

	
500 mL

	
500 mL

	
1000 mL

	
0 mL




	
3

	
BLF15

	
500 mL

	
500 mL

	
150 mL

	
850 mL




	
4

	
BLF20

	
500 mL

	
500 mL

	
200 mL

	
800 mL




	
5

	
BLF25

	
500 mL

	
500 mL

	
250 mL

	
750 mL











2.2. Transesterification Process


NaOH (3.70 g) was dissolved in 200 mL methanol in a 500 mL conical flask to obtain a sodium methoxide solution. The waste cooking oil was first heated at an elevated temperature (110 °C) to remove the moisture content and then cooled to 50 °C. One kilogram of this preheated waste vegetable oil was poured into the sodium methoxide solution. After this, the mixture was kept on a hot plate with a magnetic stirrer at 55 °C for about 70 min to complete the transesterification reaction. Then, the flask cover was removed and heating was continued for half an hour in order to evaporate the extra methyl alcohol. Then the mixture was removed from the hot plate and allowed to cool, then was transferred to the separating funnel and left in the funnel in a vertical position over night. Two different liquid phases appeared inside the funnel. The top layer was biodiesel and the bottom layer was glycerin. The biodiesel, so prepared, was separated out and further purified by washing with de-ionized water (30% by volume of biodiesel) and dried with Na2SO4 followed by filtration to obtain pure biodiesel (waste cooking oil methyl esters). After preparation of biodiesel its blends were prepared as shown in Table 1, for further analysis.



The waste transformer oil was first filtered to remove suspended particles, dust, gum-type materials, metal particles, and other impurities, then subjected to the transesterification process as per the procedures mentioned above so as to reduce its viscosity level.




2.3. FTIR Analysis


An FTIR spectrometer, Spectrum Two (Perkin Elmer, Waltham, MA, USA), was used for FTIR analysis. Figure 1 and Figure 2 represent the scanned FTIR spectra of conventional diesel and BLF (the mixture of transesterified waste canola and waste transformer oils), respectively. The frequency ranges, bond types, and family for petroleum diesel and transesteried waste oils (BLF) are given in Table 2. In the case of petroleum diesel fuel, the strong absorbance peaks at 2922.03 and 2852.59 cm−1 represent C–H stretching. The peak at 1459.09 cm−1 represents C–H bending. These are the evidences which confirm the presence of alkanes. For biodiesel-like fuel (BLF), the strong absorbance peaks at 2922.87 and 2853.26 cm−1 represent C–H stretching. The peaks at 1458.58 and 722.02 cm−1 represent C–H bending and C–H out of plane bending, respectively, and these absorbance peaks indicate the presence of alkanes. The presence of C–H group (hydrocarbons) indicates that the liquids have a potential to be used as fuels. Similar FTIR results for transformer oil have been reported by Prasanna et al. [27].


Figure 1. FTIR of diesel fuel.
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Figure 2. FTIR of BLF.
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Table 2. FTIR results for diesel and BLF.







	
Diesel

	
BLF




	
Frequency Range (cm−1)

	
Bond Types

	
Family

	
Frequency Range (cm−1)

	
Bond Types

	
Family






	
2922.03–2852.59

	
C–H stretch

	
Alkanes

	
2922.87–2853.26

	
C–H stretch

	
Alkanes




	
1459.09

	
C–H bend

	
Alkanes

	
1458.58

	
C–H bend

	
Alkanes




	
1377.09

	
C–X

	
Flouride

	
1361.15

	
C–X

	
Fluoride




	
722.01

	
C–H bend

	
Alkanes

	
722.02

	
C–H bend

	
Alkanes











2.4. Engine Setup


A 5.5 kW single-cylinder water-cooled direct-injection diesel engine has been examined in this study. The details of the engine specifications are given in Table 3. The engine was coupled to a hydraulic dynamometer for the measurement of the torque. A laser sensor was used to measure the engine speed. A calibrated load cell was attached with the dynamometer. An electronic weighing scale was used to measure the fuel flow rate. The emission and performance parameters were measured as per ISO-3046 standard [28]. Exhaust gas temperature was directly measured by using thermocouples installed at the inlet and outlet pipes. The schematic diagram of the experimental setup is shown in Figure 3.


Figure 3. Sharper Image of the experimental setup.
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Table 3. Technical specifications of the engine used in the present study.







	

	
Particulars

	
Details






	
Engine

	
Model

	
Kirolaskar TAF-1




	
Maximum power (kW)

	
5.5




	
Type

	
Water-cooled, four stroke




	
Rated speed (rpm)

	
1600




	
Number of cylinders

	
1




	
Bore

	
87.5 mm




	
Stroke

	
110 mm




	
Compression ratio

	
17.5:1




	
Combustion

	
Direct injection (DI) and naturally aspirated




	
Injection timing

	
23° before TDC




	
Gas analyzer

	
Model

	
AVL Di Gas 444




	
HC (ppm)

	
-




	
Accuracy

	
±4%




	
Range

	
0 to 30,000




	
Resolution

	
1




	
CO (%)

	
-




	
Accuracy

	
±0.06




	
Range

	
0 to 15




	
Data resolution

	
0.001




	
NOx (ppm)

	
-




	
Range

	
0 to 5000




	
Accuracy

	
±2%




	
Resolution

	
1




	
Smoke meter

	
-

	
AVL 437




	
Accuracy

	
±1%




	
Range

	
0–100%




	
Alarming signal temperataure

	
70 °C




	
Light Source

	
Halogen Lamp, 12 V










An AVL-437 smoke meter (AVL, Graz, Austria) was used to measure smoke opacity. For the measurement of carbon monoxide (CO), hydrocarbons (HC), and nitrous oxide (NOx), an AVL 444 DI gas analyzer (AVL, Graz, Austria) was used. Before every measurement was taken, the engine was started and warmed up to attain steady speed. The temperature was maintained by circulating water. The performance and emission variables were measured at an engine speed of 1500 rpm with different engine loads. The output signal was collected by a data acquisition board and sent to a personal computer. The tests were repeated and mean value of three measurements was used for the calculations.



A piezoelectric sensor (6258c, Kistler, Switzerland) was used to measure the combustion pressure. Using the diagram of the pressure crank angle, the ignition delay (the time difference between the start of injection and the start of combustion) was calculated with help of following relationship:


Ignition delay = 3.45 × 10 (2100/Tm) Pm−1.02



(1)







Here, Tm is the mean temperature and Pm is the mean pressure during ignition delay.



The heat release rate (HRR) of BLF blends and diesel combustion was calculated using Equation (2) below [29]:


∆Q/∆θ = (K/K − 1 × P × ∆V/∆θ) + (1/K − 1 × V × ∆P/∆θ)



(2)




where ∆Q/∆θ is the HRR, k is the specific heat ratio (1.35), ∆V/∆θ is the rate of change of the cylinder volume, and ∆P/∆θ is the rate of change of the pressure.





3. Results and Discussions


3.1. Fuel Properties


Table 4 describes the various fuel properties of biodiesel like fuel blends (BLF15, BLF20, BLF25, and BLF100) and petroleum diesel. The fuel properties were analyzed by following international standards (ASTM methods). It can be noted from the Table 4 that all the measured fuel properties of BLF blends are comparable to those of diesel fuel and all of the measured results were found within EN 4214, ASTM D6751, and BIS 15607 international standard allowable limits of biodiesel fuel.



Table 4. Fuel properties of diesel, BLF, and its blends.







	
Properties

	
Units

	
Method ASTM

	
Diesel

	
BLF100

	
BLF15

	
BLF20

	
BLF25

	
ASTM 6751

	
EN 14214

	
BIS 15607






	
Density at 15 °C

	
(Kg/m3)

	
D-1298

	
834

	
886

	
836

	
841

	
845

	
-

	
860–900

	
860–900




	
Kin.Viscosity at 40 °C

	
cSt

	
D-445

	
2.96

	
5.56

	
3.18

	
3.24

	
3.31

	
1.9–6.0

	
3.5–5.0

	
2.5–6.0




	
Heating Value

	
KJ/kg

	
D-240-17

	
43,400

	
39,500

	
42,800

	
42,000

	
41,400

	
-

	
-

	
-




	
Flash Point

	
°C

	
D-93

	
60

	
166

	
71

	
83

	
88

	
>130

	
>120

	
>120




	
Pour Point

	
°C

	
D-97

	
−12

	
6

	
−9

	
−6

	
−3

	
-

	
-

	
-




	
Cetane Number

	
-

	
D-976

	
53

	
54

	
54.5

	
55

	
55.5

	
-

	
-

	
-




	
Acid Value

	
mgKOH/g

	
D-664

	
-

	
0.39

	
0.16

	
0.18

	
0.21

	
<0.80

	
<0.50

	
<0.50




	
Water Contents

	
mg L−1

	
D-95

	
70

	
430

	
185

	
210

	
255

	
<500

	
<500

	
<500











3.2. Combustion and Engine Performance


3.2.1. Ignition Delay


Figure 4 shows the ignition delay of BLF fuel blends and that of diesel. Ignition delay is measured in the degree of the crank angle that helps to determine the heat release and maximum pressure rate [30]. The ignition delay of BLF fuel blends was decreased with the increase in the engine load. This trend is authentic, because as the engine load increases the heat inside the cylinder increases, which supports the fuel mixture to ignite earlier. In comparison to diesel, shorter ignition delay was observed in BLF fuel blends. The ignition delay for diesel was 10.6 °CA and for BLF15, BLF-20 and BLF25, it was 10.40, 10.11, and 9.51 °CA respectively. The reason for the shorter ignition delay may be the higher cetane number of BLF blends and the higher oxygen content in biodiesel contents of the BLF fuel mixture. This is agreed by Chuah et al. [31] who reported that a higher cetane number and higher oxygen content of biodiesel than diesel exhibits a shorter ignition delay time and allows for better combustion of the fuel.


Figure 4. Variations of ignition delay vs. engine load percent.



[image: Energies 10 01023 g004]







3.2.2. Heat Release Rate


Figure 5 shows HRR (heat release rate) corresponding to every crank angle for BLF fuel blends and diesel at maximum engine load conditions. It is reported in the previous studies that, in the premixed combustion phase, the HRR depends on the ignition delay, combustion rate, and mixture formation in the initial combustion stages [30]. It is also reported that the second peak may or may not be reached in the diffusion combustion phase. From Figure 5, it can be observed that in the diffusion combustion phase, the second peak does not appear. The maximum HRR for diesel, BLF15, BLF20, and BLF25 was observed at 364.34, 365.23, 365.67, and 365.84 °CA, respectively. Higher HRR values were found in BLF blends as compared to diesel due to sufficient oxygen contents in the biodiesel portion of BLF which catalyzes combustion activation.


Figure 5. Variations of heat release rate vs. crank angle, in degrees at maximum engine load.
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3.2.3. Maximum Cylinder Pressure


Variations of maximum cylinder pressure with engine load percent for the BLF blends and diesel are shown in Figure 6. The maximum cylinder pressure for diesel was observed at 76.5 bar, and for BLF15, BLF20, and BLF25 it was 77.2, 78.6 and 79.8 bar, respectively, at maximum engine load conditions. Increased cylinder pressure of BLF blends in comparison to that of diesel is due to a higher heat release in the premixed combustion phase because of oxygen-catalyzed combustion activation. The cylinder pressure in a diesel engine depends mostly on the combustion rate in the initial stages of premixed combustion and the amount of fuel accumulated in the delay period [30].


Figure 6. Variations of maximum cylinder pressure vs. engine load percent.
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3.2.4. Brake Specific Fuel Consumption (BSFC)


Figure 7 demonstrates the variations of the brake specific fuel consumption with engine load for petroleum diesel and the blends BLF15, BLF20, and BLF25. It was observed that BSFC was found to increase with an increase of BLF concentrations in the fuel blends. BSFC values of diesel, BLF15, BLF20, and BLF25 were measured as 613.21, 632.02, 645.14, and 655.23 g/kW·h, respectively, at 20% load condition, which decreased to 277.32, 284.21, 290.48, and 295.23 g/kW·h, respectively, at 100% engine load.BLF15 has shown a minimum fuel consumption value as compared to BLF20 and BLF25 fuel blends. BSFC of BLF15, BLF20, and BLF25 was found to increase 2.48%, 4.74%, and 6.54% as compared to that of diesel fuel due to lower heating values of BLF blends as compared to diesel. BSFC was found to decrease with an increase of engine load conditions. This is attributed to the fact that the engine faces fewer amounts of heat losses at higher loads [31].


Figure 7. Variations of BSFC vs. load percent.
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3.2.5. Brake Thermal Efficiency (BTE)


BTE of diesel engine with diesel, BLF15, BLF20, and BBLF25 at various engine loads is shown in Figure 8. The observed values were 30.52%, 29.91%, 29.45%, and 29.02% with diesel, BLF15, BLF20, and BLF25 at maximum load. The BTE value of BLF15 was found very close to that of diesel fuel. BTE was found to increase with increase in engine load and BTE values of all BLF fuel blends were found to be 1.99% to 4.91% less than diesel due to lower calorific values of BLF blends in comparison to diesel, as shown in Table 4. The decrease in BTE is also because of increased brake power and reduced heat losses of the engine at higher loads [32].


Figure 8. Variations of BTE vs. load percent.
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3.2.6. Exhaust Gas Temperature (EGT)


Figure 9 shows the EGT of a diesel engine when fuelled with diesel, BLF15, BLF20, and BLF25 at various engine loads. The EGT values for diesel, BLF15, BLF20, BLF25, were found to be 217 °C, 224 °C, 228 °C, and 232 °C, respectively, at 20% load of the engine, which increased to 416 °C, 423 °C, 429 °C, and 434 °C, respectively, at maximum engine load. The EGT values of BLF15, BLF20, and BLF25 were seen to be 1.68%, 3.12%, and 4.33% higher than that of diesel at 100% load.


Figure 9. Variations of EGT vs. engine load percent.
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The EGT value of BLF15 was seen to be closer to that of petroleum diesel at full load conditions. The increase in EGT with heavier loads is due to the fact that the engine takes up the additional loads by applying more power [29]. All of the results are technically in line with the previous studies [33,34,35,36,37,38,39].





3.3. Engine Emissions


3.3.1. Carbon Monoxide (CO)


Behavior of the engine with respect to CO emissions when operated with diesel, BLF15, BLF20, and BLF25 at different engine loads is given in Figure 10. CO emission was observed to decrease with the increase in BLF proportions in the fuel mixture. The observed value for CO emission with HSD, BLF15, BLF20, and BLF25 was 0.033%, 0.029%, 0.028%, and 0.027%, respectively, at 20% load, which was decreased to 0.022%, 0.015%, 0.016, and 0.018%, respectively, at 60% load. At maximum load the CO emissions of BLF15, BLF20, and BLF25 were 3.80%, 5.06%, and 6.32% lower as compared to that of diesel fuel. The CO emission of BLF15 was found closer to that of diesel, but higher than those of BLF20 and BLF25 fuel blends. The average value of CO emissions of BLF15 was 0.043% at no load condition, which was decreased to 0.022% at 60% load, which then elevated to 0.086% at the maximum load of the engine. A similar trend was found for BLF20, BLF25, and diesel fuel. The cylinder temperature may be too low at no load conditions then with an increase in loading, it increased due to greater fuel injection inside the cylinder [34].


Figure 10. Variations of CO vs. load percent.
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3.3.2. Hydrocarbons (HC)


In Figure 11, the engine shows HC emissions with the fuels BLF15, BLF20, BLF25, and diesel. With all the fuels tested, the values of HC emissions were continuously lowered from 0% to 60% engine load, and then increased along with the increase of the engine load to 100%. A similar trend was seen as observed for CO emissions.


Figure 11. Variations of HC vs. engine load percent.
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The values of HC emissions with BLF15, BLF20, and BLF25 were observed to be 10.92%, 22.06%, and 31.17% less than petroleum diesel, respectively. Higher contents of oxygen in biodiesel fuel enhance the rate of combustion, hence, unburnt HC emissions are decreased. This is in accordance with many other reported studies [40,41]. Among all the blends analyzed, the BLF15 blend shows minimum reductions of HC emissions as compared with petroleum diesel.




3.3.3. Oxides of Nitrogen (NOx)


NOx concentrations in the exhaust gas emissions of the engine operated with BLF15, BLF20, BLF25, and diesel were 305 ppm, 341 ppm, 372 ppm, and 275 ppm, correspondingly at 20% load of the engine, which then increased to 1273 ppm, 1297 ppm, 1330 ppm, and 1234 ppm, respectively, at full load conditions, as shown in Figure 12. The NOx values observed for BLF15, BLF20, and BLF25 were 3.16%, 5.1%, and 7.78% higher than petroleum diesel, correspondingly. The higher values of NOx are due to the higher oxygen contents in biodiesel fuel blends [34].


Figure 12. Variations of NOx vs. load percent.
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3.3.4. Smoke Opacity


Figure 13 shows the changes in smoke opacity that indicates the soot content present in the exhaust gases. The smoke opacity for fuel blends BLF15, BLF20, BLF25, and diesel was observed to be 6.52%, 5.50%, 5.12%, and 5.99%, respectively, at no load conditions, however, the values were 10.52%, 9.12%, 8.90%, and 11.42%, respectively, at 20% load, which increased to 32.90%, 32.51%, 31.62%, and 33.36%, respectively, at maximum load conditions.


Figure 13. Variations of smoke vs. load percent.
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It was noted that the smoke opacity was decreased with the increase in the BLF concentrations in the fuel mixtures, while it was increased with increasing engine load percentage. All BLF fuel blends have shown lower smoke values as compared to diesel fuel. The decrease in smoke values with the increase in the BLF blend concentrations is attributed to the higher oxygen contents in the biodiesel fuels [38,42]. It is experimentally observed that high smoke opacity of petroleum diesel is due to the higher concentration of sulfur content [39] and a higher carbon to hydrogen ratio as compared to biofuels. The absence of aromatic compounds, higher oxygen content, and lower carbon content decreases the tendency of fuel for soot production [43].






4. Conclusions


Global warming due to fossil fuel emissions, depletion of petroleum product reserves, population growth, and crude oil price hikes has stimulated researchers to search out environmentally-friendly alternative energy resources. The aim of this work was to study the combustion, performance, and emission characteristics of a 5.5 kW four-stroke single-cylinder water-cooled direct-injection diesel engine operated with blends of biodiesel-like fuel (BLF15, BLF20, and BLF25) obtained from a 50:50 mixture of transesterified waste transformer oil (TWTO) and waste canola oil methyl esters (WCOME) with petroleum diesel. The mixture of the waste oils was named as biodiesel-like fuel (BLF). The following conclusions were made on the basis of the present research work:

	
The results of FTIR analysis have confirmed that BLF fuel has similar characteristics to that of petroleum diesel showing saturated alkane structures.



	
It is observed that fuelobtained from the mixture of transesterified waste transformer oil (TWTO) and waste canola oil methyl esters (WCOME) have fuel properties comparable to petroleum diesel and were found within the international specified standard (EN 14214, BIS 15607 and ASTM 6751-03) limits of biodiesel fuel.



	
In comparison to diesel, a shorter ignition delay was observed BLF fuel blends. This was a good indication for better combustion of the proposed fuel blends.



	
EGT and BSFC of BLF fuel blends were found to increase 1.68–4.33% and 2.48–6.45%, respectively, as compared to petroleum diesel at maximum load conditions, however, BTE decreased 1.99–4.91% with the increase in BLF concentrations in the fuel blend. BLF15 has a lower fuel consumption value (632.02 g/kW·h), higher BTE (29.91%), and lower EGT (224 °C at minimum engine load) as compared to BLF20 and BLF25 fuel blends.



	
HC and CO emissions of the diesel engine with BLF fuel blends were observed to reduce by 10.92–31.17% and 3.80–6.32%, respectively, as compared to those of diesel fuel. The smoke density was reduced by 1.39–5.21%, whereas NOx emissions were found to increase by 3.16–7.78% in relation to diesel fuel.



	
Minimum decrease of CO, HC, smoke value, and minimum increase of NOx emissions were found with BLF15. BSFC, EGT, and BTE values of the BLF15 fuel blend are closer to those of petroleum diesel. It is, therefore, suggested that this fuel blend may be used in diesel engines without any engine modifications.



	
Pakistani waste transformer and waste canola oils have been successfully converted into fuel which might boost the country’s economy by saving its crude oil import bills. Additionally, the outcome of this research work is to minimize the environmental problems arising from the waste oil disposals.
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