TOPIC: Biodiesel production from waste chicken fat based sources and evaluation with Mg based additive in a diesel engine
a b s t r a c t

In this study, chicken fat biodiesel with synthetic Mg additive was studied in a single-cylinder, direct injection (DI) diesel engine and its effects on engine performance and exhaust emissions were studied. A two-step catalytic process was chosen for the synthesis of the biodiesel. Methanol, sulphuric acid and sodium hydroxide catalyst were used in the reaction. To determine their effects on viscosity and flash point of the biodiesel, reaction temperature, methanol ratio, type and amount of catalyst were varied as independent parameters. Organic based synthetic magnesium additive was doped into the biodiesel blend by 12 mmol Mg. Engine tests were run with diesel fuel (EN 590) and a blend of 10% chicken fat biodiesel and diesel fuel (B10) at full load operating conditions and different engine speeds from 1800 to 3000 rpm. The results showed that, the engine torque was not changed significantly with the addition of 10% chicken fat biodiesel, while the specific fuel consumption increased by 5.2% due to the lower heating value of biodiesel. In-cylinder peak pressure slightly rose and the start of combustion was earlier. CO and smoke emissions decreased by 13% and 9% respectively, but NOx emission increased by 5%.
1. Introduction

Investigations on renewable energy resources are continuing extensively due to increasing dependence on petroleum products, the energy crisis, global climate change and environmental pollution. Biodiesel is one of the most used renewable energy sources for diesel engines. Biodiesel blends can be used in diesel engines without any major modification. European Union’s Directive 2003/ 30/EC require that fuel producers use of 2% biodiesel in diesel fuels by the end of 2005. This ratio is planned to increase by 0.75% per year until 2010. Projections indicate that environmental hazards, economics and energy needs will increase the emphasis on the production of methyl ester fuels derived from oils or fats. However, biodiesel blends can lead to food shortages and they are not always economic or feasible.  

Vegetable oils and animal fats are not suitable direct replacements for diesel fuel in engines, boilers or cogeneration systems, due to their inappropriate physical properties such as longer molecule chains, lower pour points, lower vapor pressures, higher viscosities and higher flash points. These features cause poor atomization, poor vapor–air mixing, low pressure, and incomplete combustion and engine deposits. However, it is possible to reduce the viscosity of vegetable oil, improve the physical features of both vegetable oil and animal fat through dilution, pyrolysis, micro emulsion and esterification [1]. Esterification is a kind of catalytic reaction in which oil or fat is reacted with alcohol to form esters (biodiesel). The two types of raw materials used in the biodiesel processes are vegetable oils and animal fatty acids. Some vegetable oils such as sunflower oil [2,3], olive oil [4,5], pomace oil [6], soybean oil [7], cotton oil [8], hazelnut oil [9], rubber seed oil [10], mahua oil

[11], jojoba oil [12], tobacco seed oil [9], rapeseed oil [13], palm oil [14], tall oil [15], cooking oil [16], etc. have been used in biodiesel production. For the purpose of improving biodiesel, organic based magnesium, molybdenum, manganese and nickel additives were synthesized, dosed into the tall oil methyl ester and the performance and emission data were investigated in our early studies [17,18]. Four types of metallic additives have also been studied for this purpose [19]. 

Although vegetable oil esters have certain advantages such as lower viscosity, lower flash point, higher vapor pressure and easier processing relative to animal fatty acid esters, they are noneconomic and non-feasible due to their prohibitive cost. Furthermore, many vegetable oils used in the production of biodiesel are edible oils and hence are valuable. For the same reason, use of edible vegetable oils for biodiesel production leads to food short- ages. On the other hand, animal fats in human food constitute health hazards. This is one of the reasons for their low cost. However, disadvantages presented by their physical properties such as high pour point, high viscosity, high flash point, and processing difficulties must be eliminated with magnesium-based additives to improve the economics and feasibility. Use of nonedible fatty acid waste is an additional advantage. Thus, biodiesel was synthesized from salmon oil [20], animal fats [21–23], etc. In the present work, we intend to produce methyl ester from the waste chicken fat at optimized conditions and improve the fuel’s properties with synthetic magnesium additive, as a novel process. Diesel fuel and a blend of waste chicken fat methyl ester doped magnesium additive with diesel fuel (10%) were tested in a direct injection diesel engine at full load conditions.
Experimentation:

Engine test apparatus and method

The experimental study was conducted on a single-cylinder, four-stroke DI diesel engine. The general specifications of the test engine are shown in Table 1. A Cussons P8160 type standard engine test bed which consists of an electrical dynamometerwas used. The electrical dynamometer is a swinging field direct current (DC) apparatus rated for 10 kW power absorption at 4000 rpm operating speed. The engine load was measured with a strain gauge load cell sensor. Engine speed was measured with a magnetic pick-up sensor. The schematic view of the test equipments is shown in Fig. 1. Diesel fuel flow was measured with a high-precision electronic balance. Inlet air, exhaust gas, lubricating oil temperatures were measured with an ELIMKO-6000, multi-point electronic temperature indicator. The thermocouples used were NiCr–Ni type, which can measure up to 1200 
C. Cylinder pressure was measured using an AVL 8QP500c water cooled quartz pressure transducer and amplified with Cussons P4110 combustion analyzer charge amplifier channel. A rotary encoder was coupled with the engine crankshaft. A National Instruments USB 6259 data acquisition card was used for recoding signals on triggered mode with 0.36 CA resolution. Mean pressure data were calculated using 50 consecutive cycles. The net heat release rate (NHRR) analysis was calculated according to a singlezone combustion model based on the first law of thermodynamics [25]. An MRU DELTA 1600 exhaust gas analyzer was used to measure NOx (CLD), CO (NDIR) and HC (FID). The soot concentration level was measured using a VLT 2600-S partial flow smoke meter. Accuracies of all the measurements and the uncertainties in the calculated results are shown in Table 2. In this study, blends of chicken fat based biodiesel fuel (B10 – blended in volume at the ratio of 10% with diesel fuel) and diesel fuel were evaluated. Magnesium based additive was added into the blend at a ratio of 12 mmol/L. Properties of diesel fuel and test fuel (B10) blended with 12 mmol Mg additive are given in Table 3. Experiments were conducted at full load conditions and different engine speeds varying between 1800 and 3000 rpm in intervals of 200 rpm. Before each test, the engine was warmed up with diesel fuel. Engine oil temperatures were kept stable around 80 
C.
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                                       Fig. 1. Schematic diagram of engine test rig.
3. Results and discussion

3.1. Effect of temperature on biodiesel properties

Temperature for chicken fat methyl ester reaction is important due to the high melting point of chicken fat. While the reaction temperatures were changed between 50 and 70 
C, other parameters were held constant throughout the experiments, as is explained under Fig. 1. With reaction temperatures 50 
1 and 55
1 
C, the reaction did not start and the glycerin phase did not form. At 58
 1 
C, reactionwas slow to start and very little amount of glycerin phase was observed at the bottom. Temperature and time are actually interacting parameters in the reaction. This low yield probably is the result of very slow reaction at these temperatures. Hence, the reaction could not be completed in 2 h and these two data points (50 and 55 
C) are not shown in Fig. 2. The yields versus temperatures of 58–68 
C are plotted on the graph. Increase in temperature in the range from 62 
C to 68
C caused a slight decrease in yield. The probable main reason for this decrease is from the loss of methanol from the liquid phase at higher temperatures due to the vaporization. Decomposition of chicken fat methyl ester at higher temperatures is probably another reason contributing to the falling yield.
Table 2

Accuracies of the measurements and the uncertainties in the calculated results.

	Fuel (g)
	Accuracy¼
0.1 g

	Heating value(kj/kg)
	Accuracy¼
%0.1

	Time(s)
	Accuracy¼
%0.5

	Fuels flow rate(g/h)
	Uncertainty¼
%0.5

	Speed(rpm)
	Accuracy¼
%1

	Load(N)
	Accuracy¼
%0.25

	Torque(Nm)
	Uncertainty¼
%0.25

	Power(KW)
	Uncertainty¼
%1


Raising the reaction temperature from 62 
C to 68 
C resulted in a slight increase in 20 
C viscosity of the biodiesel: from 6.740 mm2/s to 6.842 mm2/s. Similarly, increase in the reaction raised the flash point from 136 
C to 145 
C. Lopez et al. [24] recommended 60 
C as an optimum temperature for the reaction of larger triglycerides in vegetable oils and fats with methanol [24]. So, the reaction temperature of 62 
C, which corresponds to the maximum yield (89% (w/w) by fat) and the lowest viscosity and flash point, was chosen as a constant for the subsequent experiments.
3.3. Effects of methanol ratio on biodiesel properties

             Since methanol has some advantages over ethyl alcohol in cost and physical properties [21], it was used in the esterification reaction. 20% (w/w) ratio of alcohol had been used in the pre-study with acid catalyst. Total alcohol/chicken fat ratios in the first and second steps were varied from 0.25 (w/w) to 0.40 (w/w). Other experimental parameters reported in Fig. 2 were kept constant throughout the experiments.

               As can be seen from Fig. 2, the increase in the rate of alcohol/oil (w/w) from 0.25 to 0.35 led to a significant rise in yield, while for ratios beyond 0.35 improvement was slight. On the other hand, viscosity and flash point decreased with increasing alcohol ratio. Thus 0.35 (w/w) alcohol/oil ratio was chosen as appropriate for subsequent studies.

              As a result of these series of optimization trials, for maximum biodiesel yield (89% (w/w) with respect to fat) from chicken fat and methanol, the following optimum parameter values can be recommended: (20þ15) (w/w) alcohol/fat, 0.08 (w/w) H2SO4/fat, 0.01 (w/w) NaOH/fat, 62 
C reaction temperature and reaction time of (1 þ1) h.
3.3. The evaluation of performance, combustion characteristics and

exhaust emissions

The variations of torque, power and specific fuel consumption with engine speed for diesel fuel and chicken fat based biodiesel are shown in Fig. 3. As can be observed, diesel fuel and B10 have similar trends in engine performance. Maximum engine torque occurred at 2200 rpm engine speed with both types of fuel. Slight differences were observed for torque and power with the addition of biodiesel fuel at higher speeds. However, specific fuel consumption (SFC) increased at all engine speeds compared to the diesel fuel. SFC was increased by 5.2% at the maximum torque speed of 2200 rpm for biodiesel fuel. In general, power loss can be observed with the addition of biodiesel fuel because of its oxygen content and lower heating value when compared with diesel fuel [26]. Heating value of the chicken fat based biodiesel used in this study was approximately 9% lower and its density 2% higher than diesel fuel. In the traditional jerk fuel pump systems, fuel metering is made volumetrically via displacement of a plunger in the hydraulic pump. Therefore, an increase of mass based flow rate in the same fuel volume is due to the higher density of biodiesel [26–30]. In addition, internal leakage in the pump could be decreased by using more viscous biodiesel fuels [26,28–32]. Thus, effects of lower heating value on the torque and power can be compensated somewhat by denser biodiesel fuel. Regarding specific fuel consumption, more fuel mass flow rate is required to provide the same engine output due to lower energy content of biodiesel and this results in higher specific fuel consumption [26,33]. Fig. 4 shows the variations of thermal efficiency with engine speed. As can be seen in the figure, thermal efficiency of biodiesel fuel decreased by 4.8%. Engine thermal efficiency is affected inversely with specific fuel consumption and heating value of the fuel. As shown in Fig. 4, lower thermal efficiency occurred with B10 fuel despite the lower heating value, since, higher SFC has an inverse effect on thermal efficiency. Similar results had been observed in past studies. In-cylinder gas pressure and heat release rate at full load and 2200 rpm engine speed. As shown, a rapid pressure rise related to the combustion of fuel occurred earlier with biodiesel fuel and maximum cylinder gas pressure was slightly higher than diesel fuel. Maximum cylinder gas pressure was 60.8 bars at 9.72 CA with biodiesel and 59.65 bar at 6.85 CA with diesel fuel. As seen from the heat release rate profile, combustion of biodiesel fuel started approximately 0.72
 CA earlier than diesel fuel. The main reasons for this early start of combustion (SOC) is commonly given as the different physical and chemical characteristics of biodiesel fuel such as higher density, viscosity, bulk modulus and cetane number. It is less compressible than diesel fuel and causes earlier fuel injection. Also, the higher cetane number shortens the ignition delay. Therefore, the maximum heat release rate of biodiesel in the premixed combustion was lower than diesel fuel, due to smaller accumulation of fuel during the shorter ignition delay time. After that premixed combustion phase, initial heat release rate during the diffusion combustion was higher and later falling only slightly. This is due to the higher oxygen content of biodiesel which improves oxidation and ensures the completion of combustion in the initial stage of diffusion combustion, which in turn results in higher in-cylinder temperatures. The variation of CO and smoke emissions with engine speed is shown in Figs. 6 and 7. It may be observed that, CO and smoke emissions show similar behavior. CO and smoke emissions were higher at lower engine speeds and decreased gradually with increasing speed due to poorer atomization and air–fuel distribution arising from lower turbulence intensity at low engine speeds. With the addition of biodiesel, CO and smoke emissions decreased at all engine speeds. CO and soot emissions decreased by 13% and 9% respectively, at 2200 rpm. Reduction in smoke emissions is principally based on the oxygen content of biodiesel and lower aromaticity and sulphur content [26,27,31,33]. When the incylinder temperature reaches a certain level, soot formation starts with the fuel pyrolizing process in the fuel rich regions of the fuel spray during the diffusion combustion [35]. With combustion of biodiesel, fuel bounded oxygen enhances fuel oxidation in these regions and that leads to a reduction in the formation of soot precursors [31,33,35]. On the other hand, CO emissions are primarily related to the air–fuel ratio in engines. Air–fuel equivalence ratio decreases with the addition of biodiesel because of the increase in the fuel mass consumption. Despite the lower equivalence ratio, improvements on CO emissions have been found with biodiesel because of the fuel bound oxygen content. However, some studies in the literature showed that oxygen enrichment on fuelside or air-side has similar effects on CO and HC emissions [36]. Therefore, advancing the start of injection timing and higher cetane number may be more effective on decreasing CO emissions because of early starting of combustion and reduction of the burning mass fraction in the premixed combustion. The variation of NOx emissions with engine speed is shown in Fig. 8. The use of B10 fuel increased NOx emissions. At the engine speed of 2200 rpm, NOx emissions rose by 5% with B10. Biodiesel usage generally results in higher NOx emissions despite its high cetane number [26,27]. In the literature, several explanations are given on effect of biodiesel on NOx emissions. As an oxygenated fuel, biodiesel improves fuel oxidation during combustion which results in higher local temperatures [26,27,37,38]. Thus, NOx emissions increase by a thermal formation mechanism. Furthermore, the different physical properties of biodiesel such as density, viscosity, bulk modulus, speed of sound, can cause advancing of the injection timing in the pump-line-nozzle fuel systems [33,37,39–42]. Waste animal fat based biodiesels have a higher content of saturated fatty acids, thus have a lower iodine number and higher cetane number compared to other biodiesels [43,44]. Therefore, density, viscosity and speed of sound increase with decreasing compressibility with the saturation ratio of the biodiesel. Finally, advancing injection timing and higher cetane number causes early SOC timing and longer combustion duration. These have adverse effects on NOx emissions.
4. Conclusion

Due to the health risks of waste chicken oils, it is considered as waste oil by the food industry. Therefore, waste chicken fat is a cheap raw material and its low operating cost in biodiesel production make this study a promising one for possible technological applications. Chicken fat methyl ester blended with diesel fuel can be used as an alternative fuel in conventional diesel engines without any major modification. Low sulphur and aromatic contents are advantages of chicken fat methyl ester–diesel fuel blends. Magnesium based additives reduce the pour point, flash point and viscosity of biodiesel fuel, depending on the rate of additive. The engine tests results showed that the engine torque was not changed significantly with the addition of 10% chicken fat biodiesel, while the specific fuel consumption increased by 5.2% because of the lower heating value of biodiesel. In-cylinder peak pressure slightly rose and the start of combustion was earlier. CO and smoke emissions decreased by 13% and 9%, although NOx emissions increased by 5% with the addition of biodiesel to dieselfuel. Optimum conditions recorded in this study may be applied to biodiesel production processes economically and this methyl ester blend with diesel may be consumed as an alternative, environment friendly fuel.
