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Abstract 

 

        In this study, the transesterification process was used to synthesize 

biodiesel from waste cooking oil. It is the reaction of triglycerides in 1 liter of 

waste cooking oil (WCO) with methoxide (4 g of NaOH catalyst dissolved in 

130 ml of methanol alcohol).  The experiment was carried out at different 

temperatures (58, 60, 62, 64) °C, to obtain different percentages of biodiesel 

production (86, 90, 94, 92)% in sequence. Thus, the optimum temperature for 

mixing all materials is at a temperature of 62°C, the mixture was left for 24 

hours to obtain a biodiesel yield of 94% opposite 6% glycerol. 

       The results obtained from the examination of biodiesel properties using 

American Standards for Testing and Materials (ASTM) standards showed that 

the viscosity of biodiesel is approximately three times greater than the viscosity 

of pure diesel, for pure diesel a higher calorific value and less density of 0.08% 

than biodiesel. The resulting biodiesel has a sulfur content lower than pure 

diesel by 96%, which makes it environmentally friendly. The sulfur dioxide 

produced from the combustion of pure diesel is a toxic gas that poses a threat to 

human health.  

        However, after running an engine Single-cylinder diesel at a speed of 1500 

rpm under different loads (0, 0.25, 0.5, 0.75, 1)% and with variable compression 

ratios and diesel and biodiesel mixtures. A mixture of biodiesel fuel was used 

with diesel in proportions B0(0% WCO biodiesel, 100% diesel),B10 (10%WCO 

biodiesel  , 90% diesel),B20(20% WCO biodiesel  , 80% diesel) and B30(30% 

WCO biodiesel , 70% diesel). It was found that at B20, the Brake Thermal 

Efficiency(BTE) decrease was 15.5% compared to pure diesel at high loads and 

compression ratio 15.5. At the same conditions, Specific Fuel Consumption                  

(SFC) increased by 15%. Emissions of (CO2 and HC) decrease by (23 and 

48)%, compared to an increase in nitrogen oxides by 40%. B20 is considered  
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the best mixing ratio, because it gives engine characteristics closer to pure 

diesel compared to B10 and B30. 

       NOX emissions, which have a negative impact on global warming, are one 

of the problems faced when using biodiesel. Therefore, Exhaust Gas 

Recirculation (EGR) technology was added. In this study, 5% and 10% of EGR 

were used . The results showed that at a mixture ratio of B20 and a compression 

ratio of 15.5, BTE, with an increase in EGR and a decrease in SFC by 25% 

when EGR = 10%. The results showed a decrease in nitrogen oxides by (60 to 

78)% due to a decrease in the exhaust gas temperature (EXT) by 30% and a 

decrease in the amount of oxygen by 15%, in exchange for an increase in 

carbon dioxide and hydrocarbon emissions by (12 to 20). % and (11 to 20)%, 

respectively. BTE values are close when changing the EGR ratio, with a 

decrease in SFC by (18)% compared to none use of the EGR. 

          It was proved that 10% of EGR is better than 5%, to increase the decrease 

of NOX emission and decrease of SFC. Slight difference in CO2 and HC 

emission between 10% and 5% of EGR. 

          In this work, the compression ratio(CR) being changed three times (14.5, 

15.5, 16.5), where the present results showed an increase in BTE and SFC by 

(14, 25)%, in sequence, with an increase in the compression ratio at the mixing 

ratio B20 at high loads. With an increase in the compression ratio from 15.5 to 

16.5, the volumetric efficiency  (VOL.eff) value and the  air to fuel ratio (A/F) 

were close between the two ratios.  

The optimum exhaust temperature which achieves the best performance and 

engine emissions was achieved when the diesel engine run on B20 fuel with 

100% EGR applied (100% of the maximum 15% of the total exhaust flow 

intake). It was also approved seen that for each compression ratio, there is an 

optimum EXT at 3/4 load. They were 92 °C as the best EXT when CR = 14.5, 

98.7 °C as the best EXT when CR = 15.5, and 130 °C as the best EXT when CR 

= 16.5, respectively. 
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Nomenclature 

 

Symbols Description Unit 

A area of orifice mm 

A1 The pipe area m
2
 

A2 The orifice area m
2
 

ASTM American Standards for Testing and 

Materials 

- 

A/F Air to fuel ratio - 

Bx bias errors - 

BTE Brake Thermal Efficiency (%) 

BP Brake Power KW 

CR Compression Ratio - 

CN cetane number - 

  Cd Coefficient of discharge - 

DOE Design  of experiment - 

EGR Exhaust Gas Recirculation (%) 

EXT Exhaust Gas Temperature (°C) 

FAME fatty acid methyl ester - 

ha The head pressure of air mm 

hw The head pressure of water mm 

hg The head pressure of exhust gas mm 

IP Input Power KW 

LCV Lower Calorific Value of fuel MJ/kg 

n number of measurements - 

Pa Atmospheric pressure kN/m2 

p confidence - 
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PX accuracy errors - 

R Gas constant J/kg.K 

rpm Revolution per minute 1/min 

SFC Specific Fuel Consumption (kg/sec) 

TG Triglycerides - 

Ta Atmospheric  temperature K 

ux uncertainty - 

VCR Variable compression ratio - 

VOL.EFF Volumetric Efficiency (%) 

WCO Waste Cooking Oil - 

X1 true value - 

Xi tested value - 
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Greek symbols 

Abbreviation                                     Definition                                           Units 

                     ρd                                                                         kg/m
3 

                    ρbio                             Density of biodiesel                     kg/m
3
 

                    ρa                               Density of air                                kg/m
3
 

                                                      Density of water                             kg/m
3
 

                     ̇                              Flow rate of fuel mass                  kg/s 

               ̇                              The initial weight of fuel              kg 

               ̇                              The final weight of fuel               kg 

                ̇                              The flow of actual air                   m
3
/sec 

                ̇                                                                           m3
/sec

 

                      ̇                             The flow of EGR                         m
3
/sec        
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1.1 Overview 

          The demand for energy is rising quickly due to the ongoing growth in the 

global population. By 2030, the world's energy demand is expected to have 

increased by 53% from 2001 levels. The continued usage of fossil fuels will 

eventually lead to the depletion of non-renewable fossil fuels and increase 

global warming issue. The primary end-uses of fossil fuels are transportation, 

manufacturing, and energy generation. Environmental problems caused by the 

burning of these fuels include carbon emissions and climate change . 

        There is a need to solve these problems. Therefore, high efforts and an 

investigation were carried out to find new alternate energy sources such as 

solar, wind, nuclear, hydro, and biofuels. The most potential renewable energy 

source is biofuel. Biofuel is merely similar to the diesel fuel in terms of 

characteristics and its cleaner burning in compression ignition engine. 

Alternative fuels must be practical, accessible, and environmentally friendly. 

Biodiesel has been proven to be this most suitable promising replacement for 

diesel fuel. Numerous researchers and scientists have experimented with various 

renewable bio fuels such as the biodiesel, hydrogen, liquefied petroleum gas, 

compressed natural gas, and alcohol and others [1].  

         Favorable renewable liquid fuels include alcohols and bio oils, vegetable 

oils, the Animal grease, algae oil, and its biodiesel. Generally, alcohol has low 

cetane number makes it unsuitable for diesel engines. Although it was used as a 

fuel, It is not recommended to use vegetable oils directly in diesel engines due 

to their high viscosity, low volatility, and low octane rating. Therefore, 

vegetable oils must be converted to biodiesel through a variety of processes. 

Scientists were attracted to sources of inedible oils as vegetable seed oil crops  
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can be grown in arid lands, thus costing less to grow. The oils contain a high 

percentage of Free Fatty Acids , and thus these inedible oils need multiple 

chemical steps to be synthesized into fuel biodiesel, which increases production 

cost and lowers ester yield.  

         Therefore in the current study methyl esters are synthesized from waste 

cooking oil which has a very low Fatty acids content. A wide range of studies 

have been carried out on the combustion characteristics and obtaining emissions 

of a biodiesel diesel engine from a WCO. The studies on engine testing 

indicated in a decrease in particulate matter, carbon monoxide and 

hydrocarbons with clean or blended biodiesel compared to pure diesel fuel[1]. 

     The chart below shows the Iraqi per capita consumption of cooking oils over 

several years, which shows a clear increase in consumption over the years 

figure(1.1) [4  ]. 

 

 

Figure (1.1) Annual Iraqi per capita consumption of oils [4]. 
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  Expansion of WCO production leads to serious waste. The majority of the 

time, this leftover oil is dumped into the ocean. It lowers the quality of the 

water, which can lead to pollution .So, it leads to numerous health issues. By 

using WCO as a biodiesel feedstock, issues like water contamination and 

sewage system obstructions that necessitate further cleaning can be lessened. 

Because of the high-temperature mixing of the water from the nutrients and the 

oil during the frying process, WCO has a high water and Fatty acidscontent. 

Therefore, the viscosity and acidity of the oil increases after use, these 

quantities should be less to reach the desired values. To solve these problems, 

the most common method, transesterification, was resorted to in the presence of 

an alcohol and a catalyst.  

The following are the advantages of biodiesel: 

- Biodiesel is nontoxic and decomposes 4- times nearer than diesel as pure 

biodiesel degrades 85 - 88% in water. 

- Oxygen content in biodiesel advances the combustion process and reduces the 

possibility of oxidation, so it reduces the formation of CO2, CO, HC, in addition 

of being sulfur-free. Mixing biodiesel and pure diesel rises engine success. 

 - The lower vapor pressure of biodiesel creates it harmless to handle and store. 

 - Because biodiesel has better lubricating properties compared to diesel, using 

it can increase the lifespan of a diesel engine. 

- Produced from agricultural and plant resources, this resource is local, 

renewable, and non-exhaustible.  

 

-Biodiesel is an alternative fuel linked to sustainable development, energy 

conservation, management, and environmental preservation. 
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 - An energy source having roughly the same amount of energy as diesel fuel.  

 - The term "carbon neutral" is used to describe biodiesel as payment. Plants 

absorb more CO2 from the atmosphere during photosynthesis than they do when 

It is burned in compression ignition engines as a fuel. 

- Biodiesel may be used by itself or combined with petroleum diesel fuel in any 

amount. 

- By generating employment and market opportunities, it helps agriculture and 

lessens the nation's dependency on imported crude oil. Biodiesel is safer to 

handle, move, and store than gasoline and diesel. 

-Biodiesel does not contain aromatics or polycyclic aromatic hydrocarbons. 

- A transesterification by product of crude glycerol that can be used in medical 

and industrial manufacturing in the cosmetics industry . 

On the contrary, biodiesel has disadvantages which are summarized in the 

following points: 

 -Higher viscosity. 

-High corrosion of the copper strip. 

- Slightly lower fuel economy on power fundamentals . 

- Low temperatures cause it to start gelling, which can clog filters or thicken to 

the point where It is not pumpable from a fuel tank. 

- Greater density than pure diesel. 

- Oxidation-prone than pure diesel and in advanced phases, biodiesel fuel can 

become acidic as a result; creating insoluble gum and sediment that can clog 

filters. 
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-It was observed that biodiesel blends have higher specific fuel consumption 

than diesel fuel, and that biodiesel blends have lower thermal efficiencies than 

diesel fuel. 

- An increase in NOX emissions. Nitrogen oxide is one of the gases responsible 

for the formation of smog and ozone. 

To achieve optimal performance of the variable compression ratio engine, EGR 

technology is added to reduce NOX emission and obtain better performance 

characteristics. [2] 

 

1.2 Biodiesel Production Feedstock 

         Biodiesel can be made from a variety of different feedstocks. The most 

important aspect of the biodiesel value chain is the raw materials. Consequently, 

their maximum possible oil content is of the utmost importance. The greater fat 

percentage, the greater the yield of biodiesel. This ranges from 15% (soybean) 

to 70% (microalgae) depending on the source material. Table (1.1) provides an 

overview of the biodiesel raw materials currently in use and their oil content.  

 

Table (1.1) The oil content of the most important biodiesel feedstocks[3] 
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1.2.1 First Generation Biodiesel Feedstock  

          Feedstocks for first-generation biodiesel include oilseed, sugarcane 

including (sugarcane and sugar beet), corn, , and certain other oil producing 

food and feed crops. Currently, maize and sugarcane crops account for 80% of 

bioethanol production, with raw ground corn accounting for 20% of ethanol 

conversion [5].  

After using vegetable oils, fatty acid, ethyl, or methyl esters can undergo a 

variety of transformations [6]. 

1.2.2 Second Generation Biodiesel Feedstock 

             The second generation biodiesel is a biofuel comprising a natural 

proportion of municipal waste and forest residue that has a high octane number 

and a low cetane number [7]. Biodiesel created by mixing jatropha oil and crank 

oil in addition to diesel has proven to be capable of making energy [8] It is 

expected that inedible biodiesel crops will be grown on largely undeveloped 

lands, especially in poor areas and damaged forests . Furthermore, inedible oil 

plants are well adapted to arid and semi-arid environments, and require little 

fertilizer and water[9]. 26 plant species that contain oil in their seeds or kernels 

and produce inedible oils are potential sources for biodiesel production. Figure 

(1.3) shows a part of these plants. 

  The most important source of the second generation, which is characterized by 

lower costs, is WCO compared to pure vegetable oil . WCO is gaining traction 

as a potential biodiesel favorite. The widespread use of WCO in biodiesel 

production will help reduce reliance on petroleum fuels while alleviating the 

difficulty of discharging waste oil and potential pollution of land and water 

sources, and as a result, a carbon neutral approach to combustion-based energy 

sources is being pursued. One way to combat environmental degradation and  
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energy scarcity is to produce biodiesel from WCO to fully or partially replace 

pure diesel. In addition, the WCO is an excellent option for reducing the cost of 

biodiesel production All of these features make WCO a desirable renewable 

resource [11]. 

 

Figure (1.3) Varied non-edible vegetable oils as biodiesel feedstock[10] 
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1.2.3 Third Generation Biodiesel Feedstock 

        Due to their rapid expansion, and better photosynthesis than other 

terrestrial plants, algae are now considered one of the most promising 

feedstocks for biofuels containing up to 70% lipids by dry weight [9]. 

Algae perform photosynthesis and convert sunlight, water, and (CO2) into algal 

biomass, microalgae have long been recognized as potential sources of biodiesel 

[12]. 

1.2.4 Fourth Generation Biodiesel Feedstock 

        Fourth-generation biodiesel, like third-generation biodiesel, is produced on 

non-arable land. However, unlike the third generation, it does not entail the 

destruction of biomass. Waste transformer oil is a source belonging to the fourth 

generation. Waste transformer oil can be used as a substitute for petroleum oils. 

It is known that transformer oil is mainly used for insulation in electrical 

transformers, and after its expiration date, this oil is not used for anything else. 

Currently, 100% transformer oil is not used to drive the engine instead of diesel 

fuel [13]. Waste transformer oil are usually made from wax-free naphthenic oils 

[14]. 

 

1.3 Methods of Biodiesel Production  

        Some methods have been used to overcome the major difficulties 

associated with the usage of plant oils due to its little volatility and great 

viscosity. Some of these methods are ( pyrolysis/cracking, dilution with 

hydrocarbons (blending), micro-emulsification, and transesterification) . 
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1.3.1 Thermal cracking (Pyrolysis)  

        It is the heating, with or without the use of a catalyst, of a single organic 

material into a multitude of tiny molecules. The majority of triglycerides (TG) 

is found in vegetable oils and animal fats . Sulfur, water, and sediment levels in 

pyrolyzed vegetable oils are acceptable .  

        Many studies have shown that pyrolysis of (TG) can create compounds 

appropriate for diesel engines. Though pyrolysis-produced biodiesel fuel is 

appropriate for diesel engines, the absence of oxygen reduces the environmental 

benefits of oxygenated fuels. The pyrolyzate (pyrolysis product) is less viscous, 

has a lower flash point. Furthermore, pyrolysis biodiesel's applicability may be 

limited due to undesired qualities such as decreased heating value, turbulence, 

and unstable . Pyrolysis is a rather expensive production process ,It requires 

complex equipment, such as distillation equipment, and is consequently very 

energy intensive [2] [15]. 

1.3.2  Blending (Dilution with hydrocarbons) 

          Dilution with hydrocarbons is the second method . Burning vegetable oils 

is generally regarded as inefficient and undesirable for both direct and indirect 

injection diesel engine. Using vegetable oils directly in diesel engines has two 

major drawbacks: oil degradation and incomplete combustion. 

       The dilution process is the process of diluting vegetable oils or waste oils 

by mixing them with a solvent or diesel fuel in certain proportions. This will 

reduce the viscosity of lubricants, improve engine performance, and reduce 

diesel use. However, this process is constantly limited due to the following 

factors: 

• High viscosity, acidic composition and abundance of free fatty acids. 
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• Carbon deposits and thick lubricating oil. Gum formation during storage and 

combustion due to oxidation and polymerization [16]. 

 

As a result, substantial engine modifications, such as a change in the piping and 

injector construction materials, are necessary for the usage of plant oils in diesel 

engine .Otherwise, increasing wear and the danger of engine failure would 

result in higher engine maintenance costs. 

1.3.3Microemulsification 

             Microemulsification, or the formation of micro-emulsions, could be a 

solution to the excessive viscosity of vegetable oils . Microemulsions contain 

three elements: a surfactant, an oil part, and an aqueous part. They are 

transparent, stable, and isotropic liquids. The precise quantities of pure diesel , 

plant oil, alcoho1, surfactant, and cetane enhancer compose a biodiesel 

microemulsion. Methanol and ethano1 are viscosity-reducers, whereas higher 

alcohols and alkyl nitrates are cetane promoters. Butanol, hexanol, and 

octanolmicroemulsions can all satisfy the maximal viscosity requirement for 

diesel engine. Microemulsion enhances spray efficacy and reduces biodiesel 

viscosity while also increasing CN . Continuous  usage of micro emulsified fuel 

in engines, however, reasons issues such as injector needle sticking, excessive 

carbon deposits, and inefficient combustion [17]. 

1.3.4 Transesterification 

           The most widely used biodiesel production process is transesterification, 

Where reaction occurs when a fat or oil reacts with an alcohol to form esters 

and glycerol . Transesterification converts oils and (TG) into alkyl esters, which 

have a viscosity similar to diesel fuel. As a result, the material possesses similar 

qualities to diesel fuel, allowing it to be used as a dropable fuel in existing 

petroleum DIes without modification. The first step is to convert triglycerides 
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into fats by using ethanol alcohol in the presence of an alkaline catalyst such as 

NaOH or KOH [18] or methanol [19].  

 

 

This is followed by the transformation of  a diglyceride to a monoglyceride and 

a monoglyceride to a glycerol, giving one methyl ester molecule at each step 

from each glyceride.  

          Triglycerides are composed of three long-chain fatty acids linked to a 

molecule of glycerol. The type of fatty acid attached to the glycerol determines 

the oil's composition and characteristics. The type of fatty acid can influence the 

biodiesel's properties. 

         The viscosity of the vegetable oil changes dramatically during the 

transesterification process. Because the high viscosity component glycerol is 

eliminated, the result has a low viscosity, similar to that of fossil fuels. 

In whatever proportion, the biodiesel generated is completely miscible with 

pure diesel. After transesterification, the biodiesel's flash point is reduced and 

the cetane number is increased. 

 

1.4 Factors Affecting Biodiesel Production  

            Several process parameters influence biodiesel yield in the 

transesterification process, including the presence of water and free fatty acids, 

reaction time, reaction temperature, catalyst, and the alcoho1-to-oi1 molar ratio 

,are the primary parameters impacting transesterification [2]. 

1.4.1 Reaction temperature  

          Transesterification can be performed at a variety of temperatures, As a 

result, the temperature rises from room temperature to the boiling point of 
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alcohol (68°C for methanol), most literature recommends a temperature of 60–

65 °C for transesterification. When the reaction temperature approaches or 

reaches the methanol's boiling point (68 °C), the methanol evaporates and 

produces a large number of bubbles. Since high reaction temperatures promote   

 

saponification of triglycerides, in addition to increasing the reaction temperature   

above the acceptable limit,it reduces biodiesel production.The 

transesterification may well be performed at room temperature but requires a 

lengthier reaction time [5]. 

1.4.2 Reaction time 

         The reaction time determines whether the primary catalytic 

transesterification process has completed. Excess reaction time has been shown 

to cause a reverse reaction (hydrolysis of esters), which leads to a loss in 

product yield. After one hour of treatment, the highest yield of methyl esters can 

be obtained. Increasing reaction time does not lead to higher biodiesel/ 

monoalkyl ester yields. Moreover, As a result of the reversible reaction of 

transesterification, esters are lost and soaps are formed, the longer reaction time 

reduces the final product biodiesel [6]. 

1.4.3 Mixing Intensity   

        Transesterification is a somewhat slow process because it can only occur in 

the interfacial region between the liquids and because fats and alcohols are not 

completely miscible. To increase the contact area between the two immiscible 

phases, vigorous mixing is required . In the transesterification process, 

mechanical mixing is widely used. Depending on the need for mixing in the 

trans-esterification process, the strength of the blending could be adjusted. To 

guarantee good and consistent blending of the feedstock, the mixing intensity 

should be increased in general. When high kinematic viscosity vegetable oils 
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are utilized as the feedstock. Due to agitation of the oil and catalyst combination 

increases the reaction. Agitation speed is significant in the synthesis of the final 

product (mono alkyl ester or biodiesel). The mixing speeds were (200 rpm , 400 

rpm , 600 rpm, and 800 rpm) while all other variables remained unchanged. At 

400 rpm, a greater final product conversion was achieved. Because of the   

 

slower stirring speed, less substance is generated . Higher stirring speeds, on the 

other hand, enhance soap production [20]. 

1.4.4 Methanol to Oil Molar Ratio 

          The molar ratio of alcohol to triglycerides is one of the most important 

factors affecting biodiesel production. In the trans-esterification reaction, 

methanol, ethanol, propanol, butanol , and amyl alcohol can all be utilized; 

however, methanol is used more often, due to its lower price and stronger 

physical and chemical advantages than the other alcohols, it is the most popular. 

The effect of methanol and ethanol volumetric ratios on oil was studied. The 

maximum biodiesel yield was about 99.5% when the oil/methanol ratio was 1:6. 

Thus, biodiesel production with methanol tended to rise with higher molar ratio 

of methanol [2], while some researchers found that the maximum conversion 

occurred with 1: 7 [3]. 

1.4.5 Type and Amount of Catalyst 

        The concentration of the catalyst has an impact on biodiesel production. 

(NaOH) or (KOH) are the most commonly used catalysts for biodiesel 

generation [2]. The concentration of the catalyst has an impact on biodiesel 

production. Due to the cost of the catalyst, a large amount of catalyst may not 

be economically feasible and also affects the yield of biodiesel. As a result, 

similar to the oil-to-alcohol ratio, finding the optimal amount of catalyst 
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required for the transesterification process varies between researchers and by 

biodiesel feedstock [21]. 

1.5 Effect of Properties of Biodiesel on Diesel Engine 

         Physical, chemical, and thermal properties are present in diesel and 

biodiesel. (Viscosity, density, cloud point, spill point, flash point, boiling range, 

freezing point, and thermal coefficient) are examples of physical properties.  

   A product's chemical properties, such as( acid value, saponification value, 

iodine value, total heating value, ash, sulfur, and copper content, corrosion, and 

flammability) are determined by its chemical composition. Thermal 

characteristics include (distillation temperature, thermal decomposition 

temperature, carbon residue, specific heat and thermal conductivity) [2]. 

          One of the most important of these characteristics is the kinematic 

viscosity that must be taken into account to maintain engine performance. As 

the high viscosity hinders fuel flow in the engine combustion chamber during 

the intake stroke and takes a long time to mix with air, the viscosity must be 

reduced. Hence, it causes delayed combustion. It has been demonstrated that 

fuel viscosity reduces as temperature rises.  

          The cetane number directly affects the combustion quality and the fuel 

ignition quality is measured through it. The higher it is, the shorter the ignition 

delay.  

          Calorie value is one of the factors that determine the heating efficiency 

and combustion of the engine; it is a measurement of the energy content of the 

used fuel.  

         The flash point characteristic should be taken into account when 

evaluating the flammability of a fuel. At this point, the burning of steam stops if 

the ignition source is removed. Many factors affect the change of biodiesel flash 

point, one of them being the residual alcohol content. Also, it is affected by the 
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chemical composition of biodiesel. Including the number of double bonds, the 

number of carbon atoms, and others.  

         Fuel density influences engine performance and combustion quality by 

varying the amount of fuel injected by the injector. The increased density 

enlarges the fuel droplets in the combustion chamber, resulting in elevated 

particulate matter and NOX emissions from the DI. The decreased density  

increases the efficiency of atomization. Accruing to the variable fuel injection 

mass, variations in density impacts the output power of the engine. 

          Pour point is lowest temperature that the diesel reaches in the flow, and it 

is an indicator of the temperature at which the fuel can be easily pumped, after 

which the fuel stops flowing and begins to freeze. It is a measure of the quality 

of the diesel. The lower it is, the more desirable the fuel becomes.  

        Ash content is the remnants of non-combustible inorganic materials that 

remain after fuel combustion in air at a specified high temperature [22]. 

 

1.6  Treatment of NOX Emissions 

             Mainly, the use of biodiesel is to reduce the hydrocarbons emissions but 

not NOX.  NO and NO2 combined are referred to as NOX emissions. In the high 

temperature region of the flame post-combustion process, nitrogen oxide is 

produced. The primary source of nitrogen oxide formation is the oxidation of 

atmospheric nitrogen. 

The primary causes of biodiesel's increased NOX emissions are: 

1- The viscosity and density of biodiesel, resulting in the delivery of a greater 

quantity of fuel under the same injection preparation conditions, as well as a 

more advanced combustion process, and consequently higher cylinder pressure 

and temperature. Since combustion occurs in a shorter time period, less time is 

likely available for cooling via heat transfer. 
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2- High availability of oxygen in the combustion chamber when biodiesel is 

used, which may lead to enhance nitrogen oxide formation reactions [25]. 

The emission of nitrogen oxides is reduced by several techniques, the 

researchers stopsat some of them. 

 

1.6.1 Emulsified biodiesel 

          In this method, water molecules absorb a portion of the heat produced 

during combustion, thereby lowering the temperature of combustion and 

reducing NOX emissions. An emulsion is a blend of two partly liquid 

substances, one of which (water) is spread inside the other is (biodiesel). 

Adding water to biodiesel increases its power, thereby improving the brake 

thermal efficiency of the. Corrosion is one of the primary issues associated with 

emulsified biodiesel due to its water content behavior. Using a water vapor 

injection system with electronic control can reduce the corrosion issue caused 

by emulsion fuels. Due to its lower combustion temperature, this technology 

produces more hydrocarbon and carbon dioxide emissions. Additionally, it 

lacks stability. Emulsified biodiesel necessitates an integrated emulsion system, 

which raises costs. Because pure diesel has a smaller boiling range than 

biodiesel, it is less difficult to combine with water. 

1.6.2 Low temperature burning 

       It is usually accepted that soot and NOX emissions are potential if the 

burning heat is maintained below 1800 K. A fuel is pre-compressed and 

premixed before to auto-ignition. This helps to lessen the temperature of 

combustion. When NOX and particulate matter emissions drop, HC and CO 

emissions rise. Due to the difficulties of creating a homogenous combination of 

low-volatile diesel and air, external mixing equipment is utilized. 
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1.6.3 Fuel processors 

        Biodiesel characteristics play a significant role in NOX emissions. 

Biodiesel fuels with a high density and a low cetane number emit a considerable 

amount of NOx. With the addition of a suitable additive, NOx emissions from 

biodiesel can be reduced significantly. Cetane number enhancers like ethyl 

hexyl nitrate are among these fuel additives , and antioxidants such as nickel 

and magnesium are of great importance, and are important in reducing NOX 

emissions. Adding antioxidants has the added benefit of increasing storage 

stability , improve combustion efficiency and engine protection against wear 

and wax deposition. NOX emissions are decreased by adding acetone , butanol 

and ethanol. 

1.6.4 Exhaust gas recirculation (EGR) 

       Through the inlet valve, A minor amount of exhaust gases are recycled 

back into the combustion chamber. During combustion, these recycled exhaust 

gases replace a portion of the available oxygen. Since the specific heat of EGR 

exceeds that of ambient air. EGR increases the temperature of the mixture of 

fresh air and reduces the amount of oxygen, Thus, the combustion temperature 

is lowered for the same amount of heat output, and NOX emissions are reduced. 

However, as EGR rates increase, the emission of HC, CO, CO, and smoke 

increases. This is caused by lacking oxygen for complete combustion, which 

lowers the burning heat. The brake thermal efficiency also declines as the EGR 

rate rises. It also increases the fuel consumption. It can be corrected by 

improving the EGR percentage. The effective air-fuel ratio is lower due to lack 

of oxygen for combustion. 

         This technique is still preferred because of the simplicity in operation, 

compared to the economy of other techniques [25][26]. 
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Some researchers have cooled the exhaust gas before it is re-circulated using a 

heat exchanger as shown in figure (1.4) , which lowers the combustion  

temperature in the cylinder. Between the intercooler and the exhaust port of the 

engine, control valves are installed to regulate the amount of EGR that must be 

recalculated back into the engine. Brass is used to construct  the control valve, 

so that it can withstand high temperatures. Placed after the intercooler and 

before the engine's intake port, the filter filters carbon particles  

from the exhaust gas. Figure (1.3) shows the application of the EGR system for 

experimental investigation to the researcher[27]. 

 

Figure (1.3) A picture of a diesel engine equipped with a system EGR [27] 



Chapter One                                                                                Introduction                                                                                            

19 
 

 

Figure (1.4) Scheme for cooled EGR[27] 

 

1.7 Economic Evaluation 

           Transesterification is currently the most popular method for producing 

biodiesel, primarily due to its rapid reaction rate and low cost. Alcohol is 

combined with an alkaline stimulant. Methanol is widely utilised in this process 

because its low cost. NaOH or KOH is the common alkaline catalyst. Due to its 

relatively slow reaction rate, acid-catalyzed esterification (such as sulfuric acid) 

has received less attention. 

          Using waste cooking oil significantly reduces the cost of biodiesel 

because waste oil is relatively inexpensive. This eliminates the cost of the raw 

materials. Valuable was the production of a glycerol byproduct, which could 

add a tangible credit for a 10% reduction in total production costs. 

          The cost of producing biodiesel produced from any source includes the 

cost of purchasing raw materials, raw material processing, costs of equipment 

used, labor costs, costs of catalysts and alcohol.To improve the overall cost of 

biodiesel production, the cost of raw materials must be reduced. 
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1.8 Aims of the Study 

        The aim of this study can be summed up in a few points: 

1- Preparing biodiesel from waste cooking oil WCO through the 

transesterification process. This helps environment by recycling waste, saving 

the climate at a reasonable price, and producing clean and renewable energy. 

2- Fuel characterization to comply with ASTM international fuel standards. 

3- Experimental investigation using a 4-stroke, single-cylinder, direct-injection 

diesel engine. It works in variable loads and can be controlled with variable 

compression ratios. 

 

 

4- Determining the best mixing ratio that can be used to operate the diesel 

engine to give the best performance with the least engine exhaust emissions. 

5- Reducing NOX emissions resulting from mixing biodiesel with diesel by 

using the EGR technology. 

6- Finding out best EGR temperature that leads to enhance the performance and 

emissions of engine 
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2.1 Introduction 

         Revisions of previous studies are presented in this chapter. In 1885, 

Rudolf Diesel held the first patent for biodiesel as a fuel for compression 

ignition engines as a result of research conducted in the 1930s in Belgium, 

where pure vegetable oils were used in diesel engines for agriculture where 

petroleum diesel was not available. Biodiesel has played an important role in 

the world of fuels due to the depletion of fossil fuels and the increase in its 

emissions [28]. Recently, the transesterification process has been used to 

convert oils into alkyl esters of fatty acids to reduce their viscosity. The studies 

covered biodiesel production and its impact on the performance and emissions 

of the mechanical power generation engine in various sectors, such as 

agricultural, domestic, and transportation. 

2.2 Biodiesel production from WCO 

       The waste cooking oil-derived biodiesel has been successfully used in 

diesel engine. Numerous techniques are adopted to convert the oil or fat to 

biodiesel [1], [36]. Recently, studies indicated that the production of biodiesel 

through the transesterification process is the most efficient and easiest 

technique. 

        Hosseinzadeh , et al. (2022) [29] said that turning in biodiesel production 

have the potential to solve the problem of providing clean and affordable fuel 

for future power and heat generation.  

        Liu, Yanbing, et al. (2021) [33] pointed out that the price of fuel is 

slightly greater than the cost of production. Together with the price of alcohol 

and catalysts, the production cost also included the cost of cleaning the spent oil 

to get rid of contaminants and high-density fatty acids. The researcher suggested 

that its use and sale should be strictly contrcontrolled in order to make the 

method commercially sustainable. 
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        Zhao , et al. (2021) [34] either came to the conclusion that biodiesel had 

less of an impact on the environment than diesel. Due to greater purchases made 

by the WCO in China and the cost of the components needed in the 

transesterification process for biodiesel, the price of biodiesel is roughly 31% 

more than that of diesel. As a result, the researcher advised enhancing energy 

conversion rate, cutting transmission distance, and managing WCO purchase 

price.     

          Erchamo, et al. (2021) [35] synthesized biodiesel from WCO in a 

transesterification process using methanol alcohol, ethanol, and an improved 

CaO  nanocatalyst from chicken eggshells using dehydration treatment followed 

by calcination. A biodiesel yield of 94% was achieved. 

         Singh , et al. (2020) [36] explained through his review that the 

transesterification process is the most economical and biodiesel fuel produced 

from this technology has similar characteristics with diesel. The researcher 

stressed the need to focus future research on identifying non-edible raw 

materials for the production of high-yield biodiesel fuel. There are wide 

research opportunities available in the field of reducing the cost of biodiesel 

production without affecting the quality of the fuel. The researcher also 

explained that the biodiesel production process must achieve economic 

feasibility, improve performance, and reduce emissions. 
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        Park, et al. (2019) [37] turned to the production of biodiesel from WCO 

and grease resulting from cooking process of the campus restaurants. This 

eliminates campus expenses for off-campus shipping and handling of WCO and 

grease as well as operating diesel vehicles for processes, The college's 

maintenance and security workers and their potential cost reductions. Studies of 

the thermodynamics and viscosity of biodiesel testify to its suitability as a fuel, 

as it is not a source of concern because the level of pollutants is much lower 

than the level of environmental concern. Exhaust gas analysis indicates almost 

complete combustion of CO2 and H2O with no residual hydrocarbons when 

experienced in a diesel engine. 

             Degfie , et al. (2019) [38]  synthesized biodiesel from WCO by 

transesterification  process with nano-catalyst (calcium oxide), at a temperature 

of 50 C° during 90 minutes of reaction. 96% of biodiesel have been produced 

with ASTM-compliant quality, this method has many benefits such as 

economic, environmental, and waste management. 

          Joshi, et al. (2019) [39] investigated the economic analysis of biodiesel 

production from the transesterification process of WCO collected from a 

campus restaurant. 93% of biodiesel was produced within 50 minutes at 60°C 

using methanol alcohol and KOH as a catalyst. The researcher concluded that 

biodiesel can be used as an alternative to diesel to solve the environmental 

problems related to it at a low production cost. The researcher conveyed some 

of the benefits of biodiesel production (sustainability, fuel diversity, increase in 

the number of rural areas, manufacturing jobs, increased investments in plant 

and equipment, international competitiveness and reduced dependence on 

imported diesel. 

         Elgharbawy'sAbdallahSayed Ahmed Ali (2017) [85] explained "The 

implementation of such  project enhances the national economy by providing 

about 150 direct jobs and 1,000 indirect jobs. After the researcher analyzed the 
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cost of producing biodiesel with a capacity of 100,000 tons per year, he found 

that the total capital expenditure required to build the plant is 4.121 million US 

dollars, where the cost of the purchased equipment is 1.3 million US dollars and 

the other capital expenditures are 2.8 million US dollars. The researcher 

concluded that the cost of producing one liter of biodiesel is $0.515, compared 

to $1 per liter for the price of pure diesel, so building biodiesel plants will 

undoubtedly reduce dependence on petroleum and diesel. 

           Sharma, et al .(2017) [40] mix 6 mixtures of pure diesel and biodiesel 

fuels to study the engine performance characteristics, B20 was chosen as the 

best ratio compared to the rest. 

          Hussain, et al .(2016) [41] studied for WCO biodiesel manufacturing in 

the United Arab Emirates. A survey of the local residential and commercial 

sectors was done. The researcher sought information regarding the type of oil 

and the quantity of WCO in order to identify the least sold and compare it to the 

current diesel price. Other benefits such as CO2 emissions have been computed, 

and the results indicate a 23.1% decrease in emissions, as well as a reduction in 

the maintenance costs connected with the current drain obstruction due to 

WCO, so the government and waste management authorities are also gained. 

This has a really favorable effect on the environment. 

       M.F, Elkady, et al .(2015) [42] used the micro mixer in order to save time, 

increase product and better conversion, to produce biodiesel from waste 

vegetable oil by transesterification process in the presence of methanol at a ratio 

of 1:12 and by using a catalyst in 1% sodium hydroxide, acetic acid, and 

tetrahydroflurane at 120°C. The yield is up to 97%. 

        Subramaniam, et al .(2013) [2]explained that transesterification is the 

best process for producing clean, renewable, sustainable and environmentally 

friendly biodiesels, which are esters of long-chain fatty acids formed when 
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vegetable oils combine with a short-chain alcohol, in addition to producing a 

by-product (glycerol) for it commercial value. 

       Wang , et al . (2012)  [43]  described some methods for converting WCO 

into biodiesels (preheating, blending, microemulsion, pyrolysis or thermal 

cracking and transesterification). The biodiesel fuel that is produced from the 

transesterification process is non-toxic and sulfur-free (Which has a negative 

effect on human health [91] ). As for the biodiesel that is produced from the rest 

of the processes, it causes problems in the engine due to the high viscosity of 

the oil and the incomplete combustion of the fuel. 

         Richard, et al . (2010) [15] demonstrated in several investigations to 

produce chemicals suitable for diesel engines. Although pyrolysis biodiesel is 

suitable for DIs, the lack of oxygen reduces the environmental benefits of 

oxygenated fuels. The pyrolysis product is less viscous than petroleum diesel, 

has a lower flash point, and contains less polypropylene. Moreover, the 

applicability of biodiesel pyrolysis may be limited by undesirable properties 

such as low heating value, turbulence and instability. 

         S.P., Singh, and Dipti Singh. (2010) [44] showed that the process of 

diluting vegetable oil with petroleum diesel to run the engine without any 

modifications to the engine is successful when mixing 20% vegetable oil and 

80% diesel fuel. He also noted that it was impractical to replace 100% vegetable 

oil with diesel. As for the pyrolysis process, it is an expensive process that 

requires complex equipment such as distillation equipment and consumes a lot 

of energy. Therefore, researchers focused on the transesterification process to 

reduce production cost and high production capacity. 

          Meng, et al . (2008) [45] investigated the conditions affecting the 

production of WCO biodiesel from the transesterification process such as mole 

ratio of methanol/oil, amount of alkaline catalyst, duration and temperature of 

the reaction. These conditions are assumed to have a substantial effect on the 
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reaction's conversion efficiency. The ideal experimental parameters determined 

by the test were a methanol/oil molar ratio of 6:1, a NaOH concentration of 

1.0%, a temperature of 50 degrees Celsius, and a reaction time of 90 minutes. 

Under these conditions, this resulted in a WCO conversion rate of biodiesel 

production of 89.8%. 

2.3 Effect of Biodiesel on Diesel Engine Performance and Emissions 

          Yildiz, et al. (2022) [30] experimented with the exhaust emissions 

produced by the combustion of biodiesel in internal diesel engines. The 

researcher observed that more biodiesel than diesel is consumed as fuel. The use 

of biodiesel also affects emissions. To achieve the best outcomes for the engine 

and the environment, the researcher advised producing new varieties of 

biodiesel . 

           Sivarethinamohan, et al. (2022) [46] ran the diesel engine with a 

mixture of diesel and biodiesel produced from waste cooking oil by using solar 

energy. By using a thermal reactor consisting of a copper tube in the form of a 

spiral that was placed in a glass box to improve the area of heat absorption and 

transfer from the sun. The researcher used a stirrer to mix 0.75% of NaOH as a 

catalyst with 1:12 of methanol as a solvent at a speed of 300 rpm. The highest 

biodiesel production was obtained 82% at 56.5 °C in the month of April.The 

researcher noticed a decrease in BTE of the engine by (14.8%) at low engine 

load, and an increase in CO2 emissions with a higher mixing ratio at high loads 

             Dangsunthonchai, et al. (2022) [47] Carried out a diesel engine test 

with a mixture of biodiesel fuels (0%, 30%, 100%) . The researcher noted that 

an increase in WCO in the mixture led to an increase in SFC and a slight 

decrease in the BTE  under all loads, HC and particulate matter emissions were 

significantly reduced. Because of the high oxygen content of biodiesel 

contained in the fuel , Which leads to a longer combustion time, which 

stimulates additional time for the formation of nitrogen oxide. The researcher 
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recommends preparing new alternative fuels with advanced engine control 

strategies and exhaust gas after treatment systems to comply with increasingly 

stringent emissions legislation. 

          Singh , et al. (2021) [1] validated based on the most recent data on waste 

edible oil for the production of biodiesel and its efficient use in CI engines. 

Approximately 30% of the edible oil consumed per capita is discarded. The 

production of biodiesel from WCO decreases production costs and waste 

disposal plant labor. In comparisons between biodiesel and fossil fuels in CI 

engines, There was a rise in SFC and a drop in BET and BP. As the quantity of 

biodiesel in a diesel and biodiesel combination was raised, BTE lowers, SFC 

rises, and emissions of CO2, HC, PM, and smoke are drastically reduced. There 

are significant efforts made to increase the yield without compromising the 

economic viability of the production procedure. 

         Balasubramanian, et al. (2021) [48] concluded that the mixing ratio B20 

is the most suitable for the engine in terms of performance and emissions as 

shown in figure (2.1). It was found that the maximum reduction of HC was 

17%, 30% for carbon monoxide, 14.08% for smoke, 7.35% for carbon dioxide 

and an increase of 16.46% for NOX emissions. With the aim of reducing NOX 

emissions (affecting human health), EGR was used at three rates (5%, 10%, and 

15%). With increasing EGR rates, a significant proportion of NOX was reduced. 

Yet, other emissions rise as EGR rates increase. In contrast, an EGR of 10% 

reduced NOX emissions by a maximum of 16,34% with only a minor drop in 

performance. 
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Figure (2.1)  The variation of Engine performance and emissions with load at 

different EGR  
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         A.Viornery, et al. (2020) [49] concluded after running the engine with a 

mixture of WCO biodiesel and pure diesel with a ratio of B25. Due to the high 

viscosity of  biodiesel and its high density, causes poor pyrolysis and thus 

incomplete combustion and this leads to an increase in carbon dioxide emission 

by 52% and nitrogen oxides and an increase in fuel consumption. According to 

the emission results, the researcher found that it is necessary to link the 

technical specifications of the CI engine with the physical and chemical 

properties of the fuel in order to choose the appropriate proportion of biodiesel 

in the mixture. 

         Maki and Haroun   (2020) [50] ran the diesel engine with a mixture of 

ethanol, diesel and 10% biodiesel produced from WCO. Thermal tests showed a 

reasonable improvement in BTE by 4%. Nitrogen oxides are recorded for the 

ethanol-diesel mixture at lower values than for the diesel by about 3.3%. A 

mixture of 70% diesel and 10% biodiesel with 20% ethanol is the optimal rate if 

thermal efficiency and emitted pollutant rates are taken into account when 

compared with other pollutants. 

       M Obed,  Ali (2019) [23] Run a diesel engine on a biodiesel blend of diesel 

and used cooking oil at a high mixing ratio of (B30) . when conditions are fixed 

and engine speed is raised from 900 rpm to 2400 rpm in continuous steps of 300 

rpm. The use of diesel fuel at maximum engine speed followed by B30 blended 

fuel resulted in the greatest amount of braking power and thermal efficiency. 

The findings revealed a significant difference in fuel characteristics after 

blending .When using blended fuel B30, the viscosity difference between pure 

biodiesel and diesel decreased from 34% to roughly 9% at a density comparable 

to that of B30 and diesel blended fuels. The heating value obtained with B30 

blended fuel converges from approximately 18% to about 4% in a direction 

similar to that. With the same engine speed and minimal fuel usage, slight 
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variances in BSFC between B30 and diesel fuel were obtained.  the highest BTE 

was seen at full engine speed using mixed fuel B30. 

       Abed, K. A., et al. (2018) [51] used a blend of biodiesel made from waste 

cooking oil and diesel to power a single-cylinder DI. It was determined that 

blends' thermal efficiencies were minor than that of pure diesel and that their 

individual fuel consumptions were higher. Waste cooking oil biodiesel mixtures 

reported higher exhaust gas temperatures than diesel fuel at the same engine 

load. Diesel fuel had lower air-fuel ratios than B10, B20, and B30 diesel-

biodiesel blends. CO, HC, and other emissions from waste cooking oil biodiesel 

mixtures were lower compared to diesel fuel. With an increase in the amount of 

biodiesel fuel in the blends, NOX and CO2 emissions rise. The figure (2.2) 

shows the effect of mixing biodiesel with diesel on engine characteristics 
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Figure (2.2) The variation of Engine performance and emissions with addition 

biodiesel 

           Borugada, et al. (2018) [52] examined how regular diesel, biodiesel 

made from the used cooking oil, and their blends performed and emitted 

pollutants (B10, B15). Engine testing was carried out at a steady 1500 rpm. 

According to the experimental findings, the fuel mixtures' higher density and 

kinematic viscosity, which decreased the rate of fuel atomization, caused a loss 

in the brake thermal efficiency of 1.7–4.14% and an increase in specific fuel 

consumption of 2.18–5.57%. Moreover, the majority of the exhaust gas 

constituents decreased, including  CO2 (13.67-16.89%), HC (4.35-11.84%), and 

CO (8.34-17.39%), were present in all combinations. The considerable amount 

of cetane in the fuel mixes, which shortens the ignition delay, is the main cause 

of the rise in NOX emissions (0.3–4.2)% . 

           Patel , et al. (2015) [53] assessed the efficiency of a diesel engine using 

a biodiesel/diesel blend. The study came to the conclusion that the brakes 

thermal efficiency reduces as the amount of biodiesel fuel in the combination 

rises. B10 compounds' braking thermal efficiency is inferior to ordinary diesel 
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fuel in all blends and is closest to that of diesel fuel. Compared to diesel, 

specific fuel consumption rises with blends. The consumption of B30 mixture is 

most similar to that of diesel. The fuel consumption increased along with the 

biodiesel content. As the load increased, the brakes used less energy. In 

comparison to regular diesel fuel, B20 blend has a high mechanical efficiency. 

 

2.4 Change in Compression Ratio's Impact on Diesel/biodiesel Engine 

Emissions Performance 

       Sharma , et al. (2022) [54] treated the emission of NOX as a result of the 

use of biodiesel saturated with oxygen by changing CR with the addition of 

EGR. Without EGR the BTE has a minimum of 0.15% compared to diesel. 

With NOX reduced by almost 50% for all EGR values but increased when CR 

increased, smoke and hydrocarbon emissions also increased with exhaust gases. 

According to the results ,the biodiesel produced by WCO can be a long-term 

alternative to pure diesel. 

       Rao , et al. (2022) [55] discussed the effect of EGR and compression ratio 

on the performance, combustion and emission characteristics of a diesel engine 

fueled by  20% Palmyra oil methyl ester (POME). It was discovered that the 

brake thermal efficiency of the POME 20 mixture operating in CR 20 was 

24.59%, 6.91% higher than that of POME 20. Under full load, the usage of 

EGR led to a small drop in BTE. 10.25% less BSFC is seen when POME20 is 

operated at 20 CR as opposed to 16 CR. With a 20 compression ratio of POME 

20 biodiesel blend, the current study indicates substantial reductions in HC, CO, 

and smoke emissions. At peak load, diesel hydrocarbon, carbon dioxide, and 

smoke emissions reduced by 8.82 percent, 13.33 percent, and 8.2 percent, 

respectively. Yet, it was determined that NOX emissions for the POME 20 

mixture rose as the compression ratio increased for all loads. Applying 10% 

EGR to POME 20 in the diesel engine operating at a compression ratio of 20:1 
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reduces NOX emissions by 14.30% and 23.0%, respectively, compared to the 

diesel and POME 20 blend operating at a compression ratio of 18:1 without 

EGR. 

           Sahu , et al. (2021) [56] conducted an experiment to operate an engine 

powered by biodiesel fuel produced from WCO and diesel at a speed of 1500 

revolutions per minute. An increase in BTE of 32% was inferred for biodiesel 

when CR was increased from 18 to 20 at full load, with a decrease in BSFC of 

6% for the same operating conditions. 

           More , et al. (2021) [58] concluded that increasing the CR from 14 to 18 

leads to a decrease in nitrogen oxides emissions at all loads, but an increase in 

carbon dioxide emissions. When CR=16 minimum exhaust emissions (CO, HC, 

CO2, and NOX) successfully occur for the tested mixtures. As CR=16 works 

effectively and provides good emission results for all exhaust gases with 

improved performance using a biodiesel / diethyl ether / diesel fuel blend. It 

also improved BTE by 80% and BSFC reduction of 32%. 

          Mahmood , et al. (2021) [57] ran the diesel engine with a mixture of 

diesel and biodiesel. When compression ratios are raised, the BTE and BSFC 

for all utilized fuels are reduced. Due to the higher viscosity and density of 

biodiesel, it was discovered that the BTE content of biodiesel blends reduced 

marginally, while the BSFC content increased, compared to diesel fuel alone. 

With a rise in compression ratio and biodiesel blend ratio, Carbon dioxide and 

hydrocarbon emissions and smoke opacities have been reduced, and at the same 

time increased   NOX emissions. Up to 20% biodiesel blends can be used and 

blended with diesel fuel in CI engines without any modifications.  Because the 

B20 biodiesel blend demonstrated the greatest reduction in carbon dioxide, 

hydrocarbon, and smoke emissions, and the greatest increase in NOX emissions. 
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         Hariram, et al.  (2020) [59] tried to experiment using palm stearin wax as 

a value-added raw material for the production of biodiesel fuel through the 

transesterification process. The results showed that adding 20% of this 

substance to diesel increased BTE by 40.3% and decreased BSFC by 10.72% 

for CR = 18. While diesel showed a BTE increase of 41.8% at partial load 

conditions of CR=17.5. HC emissions decreased significantly with an rise in 

compression ratios. Smoke and CO emissions tended to decrease as 

compression ratios increased. NOX emissions were also observed to be higher in 

all CR18 fuel tests. At a compression ratio of 18, it demonstrates enhanced 

performance characteristics and lower exhaust emissions. 

         Rosha, et al. (2019) [60]observed an increase in BTE with an increase in 

CR from 16:1 to 18:1 for an engine running on B20 palm oil. An average 

decrease in hydrocarbon and carbon monoxide emissions and smoke opacity 

was also observed by 47.8, 41.0 and 35.7%, respectively, while NOX emissions 

increased by 41.1%. Thus, it is concluded that B20 fuel performed well at a 

high engine compression ratio. 

       Suresh, et al. (2018) [61] clarified the necessity of switching to a variable 

compression ratio engine over a fixed compression ratio because it provides 

improved fuel economy, a 30% reduction in fuel consumption, improved 

management of peak cylinder pressure, the possibility to use diverse fuels, and 

decreased exhaust pollutants. 

         Bharadwaz, et al  (2016)  [62] concluded that the best performance of a 

diesel engine with variable compression ratios with the lowest emissions at CR 

= 18 and a payload of 9.03 kg, when engine operated with a blend of methanol 

and biodiesel at a rate of 5%. 

          S., Nagaraja, et al (2015) [63] investigated the performance and 

characteristics of an engine with different compression ratios when running on 

diesel fuel mixed with palm oil at different rates and at 1500 rpm. They found 
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that thermal efficiency reaches its maximum at the highest compression ratio at 

a mixing ratio (20% preheated palm oil). They note that the exhaust temperature 

decreases in all combinations along with a reduction in CO2 and HC emission. 

Finally, they showed that the engine performed best at 20% and a 20 

compression ratio at full load. 

          EL_Kassaby, et al. (2013) [64]found that the BSFC decreased for all 

mixtures with increasing CR and for all CRs, but it stayed higher for higher 

blends with increasing biodiesel ratio. Changing the compression ratio from 14 

to 18 resulted in an increase in the brakes thermal efficiency. Carbon dioxide 

emissions also increased by 14.28%, hydrocarbons emissions decreased by 

52%, carbon monoxide emissions by 37.5% and nitrogen oxides emissions 

increased by 36.84% when the compression ratio increased from 14 to 18. 

          Sayin, et al.  (2011) [65] investigated the effect of compression ratio 

(CR) using three different ratios (17, 18, and 19) on the performance and 

emissions of A diesel engine using biodiesel (5%, 20%, 50%  and 100%) 

blended diesel fuel. The results showed that BSFC and BTE improved 

significantly with increasing CR. NOX emissions increased, while brake thermal 

efficiency, smoke opacity, carbon monoxide (CO) and hydrocarbon (HC) 

decreased with increasing amount of biodiesel in the fuel mixture. Sufficient air 

in the fuel mist contributes to complete combustion. HC and CO emissions with 

a biodiesel blend are lower than diesel for all CR values due to the higher in-

cylinder combustion temperature. But this leads to increase emissions of 

nitrogen oxides. 

          Muraleedharan, et al. (2011) [66] conducted a test in which diesel and 

biodiesel were injected into a diesel engine with a variable compression ratio at 

various ratios.It was concluded that the B40 ratio when compared to 

conventional DIs, the thermal efficiency was slightly higher. using higher 

compression ratios. Compared to other mixtures and all kinds of diesel engines, 
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the special fuel consumption is lower. At higher compression ratio, the exhaust 

gas temperature drops. The minor calorific value of combined fuel related to 

pure diesel is a reason. The amount of hydrocarbons released increase with 

increasing compression ratio . 

2.5  Effect of EGR on the Performance and Emissions of a Diesel/biodiesel 

Engine 

       Prakash, et al. (2022) [67]concluded that 20% of the EGR caused a 

decrease in the BTE of an engine running on Bongamia biodiesel mixture by 

B20, in addition to a slight increase in CO2 and HC emissions due to the 

availability of insufficient air for combustion. NOX emissions were reduced at 

the same conditions by 31% compared to the no EGR. Smoke emissions have 

also been increased. 

       Manyyan, et al. (2021) [68] used an EGR system using carbon nanotubes 

to reduce pollution from the use of a diesel-biodiesel mixture of B20 in a diesel 

engine. EGR percentages (5%, 10%, 15% and 20%). The maximum brake 

thermal efficiency was at 5% EGR and lower SFC. SFC reduced when EGR 

was raised by 5% in comparison to the other EGR. With 20% EGR, the 

emission factor for NOX is reduced by 21.06%, but other carbon dioxide 

emissions were lowered by 5.2%, HC emissions were reduced by 6.2%, and 

smoke intensity was reduced by 4.34%. 

        Ma , et al. (2021) [69] concluded that adding 10% of pentanol alcohol to 

the diesel and biodiesel mixture at low EGR rates, lower HC emissions are 

obtained compared to not being add it, but all mixed fuels have little effect on 

CO2emissions. Furthermore, higher EGRs can lead to better performance on 

NOX and soot emissions, but have a negative impact on HC and CO emissions. 
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        Chandravanshi, A., et al. (2021) [70] concluded that 20% of biodiesel 

gives a slight decrease in BTE and an increase in BSFC and emission of less 

CO2, HC, and smoke. Due to the higher oxygen concentration and higher 

exhaust gas temperature associated with biodiesel, NOX emission increases, 

which restricts the usage of biodiesel at low level. The researcher added high-

oxygen dimethyl carbonate to biodiesel to increase combustion quality, thus 

reducing emissions and improving thermal efficiency. With 10% (EGR), results 

showed higher brake thermal efficiency. There are modest CO2 increase at all 

loads, but they are below the safe limit. With EGR, the emission of nitrogen 

oxides (NOX) reduces further. A higher EGR content has a negative impact on 

performance and emission characteristics, excluding NOX and smoke emissions. 

      Appavo, et al. (2021) [26] discussed the addition of EGR technology to 

reduce NOX emissions with the use of biodiesel mixed with diesel due to the 

presence of oxygen in biodiesel, which, as a result of an increase in BSFC, 

results in a drop in the BTE, and they also note that carbon dioxide, 

hydrocarbons and smoke decrease slightly. In most cases, studies have revealed 

that adding antioxidants used in biodiesel reduces NOX emission by up to 43% 

but adding EGR is a technique widely accepted by many researchers because of 

its economy. More studies are needed to discover the optimal value of out-of-

range EGR without affecting engine performance. The researchers state the 

need for further studies to explore corrosion and sulfur oxides emissions from 

fuel additives used in biodiesel. 

         Lobo, et al. (2021) [71] ran a diesel engine using biodiesel fuel derived 

from waste cooking oil with a very small portion of (ZnO) added as an enhancer. 

The engine is equipped with EGR technology which when useful to the blend 

increases BSFC by 9% due to lack of oxygen and lower combustion rate, 

making it difficult to reach a stable combustion condition. NOX emissions 

decreased by about 20% due to less oxygen and lower flame temperature. 
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Emissions of carbon dioxide, hydrocarbons and soot are reduced by 20% due to 

more fuel being burned in the chamber. 

         Nanthagopal, et al. (2019) [72] revealed that 30% of EGR reduced the 

brakes thermal efficiency by 8% to 18% for conventional diesel and waste 

cooking oil methyl ester as fuel. NOX emissions were also significantly reduced 

by 47.5% for diesel fuel and 58.9% for biodiesel in full download status. This 

rate led to a significant increase in CO and HC emissions and the rate of heat 

release. 

         Punitharani, K., and V. Parameshwaran (2017) [27]concluded, after 

running a diesel engine fueled by a mixture of diesel and biodiesel derived from 

waste plastic oils at a mixing ratio of 20% with the addition of 30% of EGR at 

maximum load, that the value of BTE and BSFC is almost equal to diesel and 

higher than the other mixture values when compared. It was found that NOX 

emissions are 14% lower than diesel emissions. Thus, the mixing ratio of 20% 

is the best ratio between 10% and 30%. 

       De Serio, et al. (2017) [73] analyzed the performance and emissions of a 

diesel engine after applying the EGR system. The engine runs on 7% biodiesel 

fuel, and the use of EGR by 7.5% causes an increase in CO, HC and CO2 

emissions , and reduce nitrogen oxides (NOX) emissions. 

      Jeevahan,  et al. (2017)[25] talked about how to fix it. The researcher said 

that there are many ways to reduce NOX, including combustion and exhaust 

post-treatments like adding EGR and lean nitrogen traps, but they cost more and 

take up more space in the exhaust pipe. Strategic fuel treatments like low-

temperature combustion, the blending of fuel additives, and reformulation of 

fuel composition also appear promise for future biodiesel since they lower NOX 

emissions without compromising other emissions or performance 

characteristics. 



Chapter Two                                                                       Literature Review 

40 
 

       K. Rao, et al. (2015) [74] indicated the use of the EGR system to decrease 

the emission of NOX. It concluded that the best achieved EGR is 15% of the air 

intake in terms of performance and engine emissions for all mixtures compared 

to 0% for diesel. When this percentage increased, oxygen decreased, BTE 

decreased, BSFC increased, and EXT decreased. As for emissions, an increased 

in carbon dioxide and hydrocarbon emissions observed when the EGR 

increased. 

       Elshaib, et al. (2014) [75] observed after running the engine with different 

proportions of a mixture of diesel and diesel derived from the WCO. When 

using 100% biodiesel, combustion efficiency increased by 1.8% at full load, 

while CO and HC emissions decreased at all loads and speeds. The researcher 

observed a reduction in CO2, HC and NOX emissions when using the EGR 

technology by 17%. 

       Kumar , et al . (2013) [76] conducted an experimental study on a single-

cylinder diesel engine with different compression ratios, EGR percentages, and 

changing loads in order to determine the engine's performance, combustion, and 

emission characteristics. Brake thermal conductivity is increased and specific 

fuel consumption is reduced with an increase in compression ratio. However, as 

the EGR increases, NOX emissions gradually decrease from 11% to 85% at 

different compression ratios as a result of lower flame temperatures, lower 

combustion chamber oxygen, higher brake temperatures, and lower oxygen 

content. 

        Mohebbi, et al (2012) [24] reduced NOX emissions using a 13% EGR 

method. Due to the higher viscosity and poorer compressibility of WCO 

compared to diesel fuel, the injection start moved up. Compared to diesel fuel, a 

higher cetane number lead to a more rapid burning. WCO in the fuel mixture 

decreases engine torque and power and raises BSFC as a result of reduced 

engine temperature. Yet, due to the accelerated combustion and higher biodiesel 
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lubrication, torque and power were partially recovered. With the same EGR, 

diesel achieves a greater brakes thermal efficiency than gasoline. Hence, the 

researcher concluded that the usage of EGR with biodiesel has a lesser 

detrimental effect than with diesel since the drop in engine torque and an 

increase in BSFC are less pronounced with biodiesel. 

       Agarwal, et al (2011) [77] studied the result of problems with EGR 

technology on engine , as shown in figure (2.3) such as elevated carbon 

deposits, lubricant deterioration  and engine degrading , as EGR replaces 

oxygen in the intake air by recirculating the exhaust gas into combustion. 

Exhaust gases lower the oxygen concentration in the combustion chamber and 

increase the specific temperature of the chamber. Leading to lower flame 

temperatures. As a result, the thermal efficiency is slightly increased and the 

BSFC is reduced at low loads. At greater loads, however, thermal efficiency and 

BSFC are nearly same with or without EGR. EGR decreases EXT, increases 

HC, CO, and smoke opacity, but drastically reduces nitrogen oxide emissions. It 

has been determined that 15% EGR effectively reduces NOX emissions without 

impairing engine performance in terms of thermal efficiency, BSFC, or 

emissions. 
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Figure (2.3) The variation of Engine performance and emissions with EGR 
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Table 2.1 summarizes the methodological comparison and conclusions of  

the current study with other studies 

year 

 

Country 

Researc

her's 

name 

Title 
Influencing 

factors 
Results 

[30] 

 

(2022) 

 

 

 

 

 

 

 

Turkey 

 

Yildiz, 

et al.   

Assessment of 

biodiesels from 

waste cooking 

oils for diesel 

engines in terms 

of waste-to-

energy 

perspectives 

Biodiesel 

Fuel properties 

CI engine 

Performance 

combustion 

emission 

1)  The kinematic viscosity of biodiesel 

produced found to be 6.270 mm
2
/s. 

kinematic viscosity of pure diesel was 

3,743 mm
2
/sec. 

2)  Usage of biodiesels was anticipated 

to result in greater fuel consumption 

than diesel fuel. 

3)  High fuel density affects emissions 

and engine performance negatively, 

and biodiesel has a higher density value 

than diesel fuel. The density of 

biodiesel produced was 882 kg/m3, 

while that of diesel fuel was 831 

kg/m3. 

[32] 

  

(2021) 

 

 

 

India 

 

Pauline 

et al.  

Transesterificati

on kinetics of 

waste cooking 

oil and its diesel 

engine 

performance 

Activation 

energy 

Biodiesel 

Engine testing 

Emission 

 

1)  90% biodiesel was obtained at 60 

°C. 

2) Increase in power output with a 

decrease in SFC ,  decrease in (CO2, 

CO, and HC) emissions, and an 

increase in the emission of NOX. 

3) B20 was found to have the best 

mixing ratio. 

[37] 

 

(2019) 

 

 

United 

States 

Park, et 

al . 

Biodiesel 

Production from 

Locally Sourced 

Restaurant 

Biodiesel 

Fuel properties 

1) The biodiesel was produced with 

properties whose values are within the 

optimum ranges optional by (ASTM).  

2) The overall results showed that the 
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Waste 

Cooking Oil and 

Grease: 

Synthesis, 

Characterization, 

and 

Performance 

Evaluation 

blend of biodiesel and pure diesel can 

be a sustainable alternate fuel from 

local sources. 

[40] 

 

(2017) 

 

 

 

 

 

 

 

India 

Sharma, 

et al  

PERFORMANC

E 

EVALUATION 

OF DIESEL 

ENGINE 

USING 

BIODIESEL 

FUEL 

DERIVED 

FROM WASTE 

COOKING 

REFINED 

SOYABEAN 

OIL 

Biodiesel, 

Performance, 

Diesel Engine  

 

1) 100% biodiesel should not be used, 

due to the fact that biodiesel has a 

higher viscosity than diesel. 

2)By using biodiesel, we can solve the 

waste oil disposal problem and it can 

improve the economic aspect and its 

environmentally friendly nature may 

have good results in terms of emission 

standards. 

3) The B20 biodiesel blendwas the 

most suitable of all biodiesel and 

petroleum diesel fuels. 

[45] 

 

(2008) 

 

 

 

 

China 
Meng, et 

al .   

Biodiesel 

production from 

waste cooking 

oil via alkali 

catalyst and its 

engine test 

Biodiesel 

Transesterificati

on 

Diesel engine 

test 

1) The best yield of biodiesel with a 

value of 89.8% was obtained at a 

methanol/oil ratio of 6:1, with 1.0 wt% 

NaOH, at a temperature of 50°C and 90 

minutes. 

2) B20 fuel mixture reduced carbon 

dioxide, hydrocarbons and particulate 

matter by 18.6%, 26.7% and 20.58%, 

respectively. 

[47] 

 

(2022) 

 

 

Thailand 

Dangsun

thoncha, 

et al.  

Nanoparticle 

Components and 

Number−Size 

WCO 

Engine emission 

Engine 

1)Increase in the percentage of WCO in 

the mixture caused an increase in the 

specific fuel consumption and a slight 
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Distribution of 

Waste 

Cooking Oil-

Based Biodiesel 

Exhaust Gas 

from a Diesel 

Particulate 

Filter-Equipped 

Engine 

performance decrease in the brakes thermal 

efficiency . 

2) The engine showed a decrease in 

unburned hydrocarbon but an increase 

in nitric oxide emission when WCO 

mixtures were used. 

3) Carbon reduction was carried out 

using diesel particulate filters on a 

laboratory scale. 

[48] 

 

(2021) 

 

 

 

 

 

 

 

 

India. 
Balasubr

amania,  

et al.  

NUMERICAL 

AND 

EXPERIMENT

AL 

EVALUATION 

ON THE 

POOLED 

EFFECT OF 

WASTE 

COOKING OIL 

BIODIESEL/DI

ESEL BLENDS 

AND 

EXHAUST GAS 

RECIRCULATI

ON IN A TWIN-

CYLINDER 

DIESEL 

Biodiesel 

EGR 

Engine emission 

Engine 

performance 

1) The best mixing ratio was B20 

because of it showed a BTE decrease 

of a maximum of 1.85% at the highest 

load, an increase of SFC of a maximum 

of 6.89% in all loading conditions. 

2) B20 at 10% EGR was chosen as the 

most suitable fuel because of its low 

NOX emissions well without affecting 

the emissions of hydrocarbons, CO, 

smoke and carbon dioxide. 

3) The addition of EGR decreased BTE 

and increased SFC under all loading 

conditions. 

[51]  

 

(2018) 

 

 

 

 

Egypt 

Abed, et 

al.  

Effect of waste 

cooking-oil 

biodiesel on 

performance and 

exhaust 

emissions of a 

diesel engine 

Biodiesel 

Transesterificati

on 

Performance 

Emissions 

1) The addition of biodiesel generated 

from WCO to diesel decreased BTE 

while increasing fuel consumption. 

2) Rising EXT as the percentage of 

biodiesel increases. 

Using biodiesel, CO, HC, and other 

emissions were reduced. 
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4) As the percentage of biodiesel fuel 

in blends rises, NOXand CO2 emissions 

rise as well. 

 

[60] 

 

(2019) 

 

 

 

 

 

 

 

 

 

India 

 

 

Rosha,  

et al.  

Effect of 

compression 

ratio on 

combustion, 

performance, 

and emission 

characteristics of 

compression 

ignition engine 

fueled with palm 

(B20) 

biodiesel blend 

Biodiesel 

CR 

performance 

Emissions 

1) BTE improved with CR increase 

(16:1 to 18:1) by 14.9% in BTE, the 

increase in BSFC values was observed 

with B20 fuel in comparison to diesel 

due to lower heating value of B20 fuel 

and due to improved combustion 

properties when CR higher compared 

to CR was low. 

2) Significantly reduce emissions of 

hydrocarbons, carbon monoxide and 

smoke with B20 fuel When compared 

to the pure diesel. It was found that the 

formation of nitrogen oxideswas higher 

in the case of B20 fuel compared to 

diesel. due to the high combustion 

temperature. It increased further with 

increasing CR 

[70] 

 

(2021) 

 

 

 

 

 

 

 

India 

Chandra

vanshi, 

et al.  

Effect of di-

methyl carbonate 

as additive and 

exhaust gas 

recirculation on 

the performance 

and emission 

parameters of 

diesel engine 

using diesel-

biodiesel blends 

as fuel 

Biodiesel 

Dimethyl 

carbonate  

EGR 

Performance 

Emissions 

1) 20% biodiesel results in a modest 

reduction in BTE while BSFC climbs 

somewhat. 

2) Lowers carbon dioxide, 

hydrocarbons, and smoke. Due to 

biodiesel's increased oxygen content 

and higher exhaust gas temperature, 

NOX emissions increase. 

3) The use of EGR increases BTE 

somewhat in comparison to diesel and 

reduces NOx and smoke emissions. In 

addition to the greater HC and CO 

emissions, the use of an EGR was also 
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limited by their presence. 

4) Dimethyl carbonate has a great deal 

of oxygen. It improves the combustion 

quality of biodiesel, hence reducing 

emissions and enhancing thermal 

efficiency. 

5) 75% diesel and 5% additive to 20% 

biodiesel at 10% EGR shows the 

optimum level of output. 

 

2.6 Remarks 

      This chapter presents a summary of the most important results of 

experimental studies presented in the previous literature for the preparation of 

biodiesel, its production sources, methods of synthesis, and the factors on which 

biodiesel production depends. Moreover, the effect of biodiesel on the 

performance and emissions of diesel engine with a variable or constant 

compression ratio And techniques to reduce NOX emissions resulting from the 

use of biodiesel. 

While this thesis included all that the researchers discussed, starting with the 

preparation of biodiesel from WCO through the transesterification process and 

the effect of temperature on the amount of production , the present study will 

consider biodiesel's effect on the performance and emissions of a variable 

compression ratio engine, and the usage of EGR technology to reduce NOX 

emissions.
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3.1 Introduction 

      This chapter highlights the use of the apparatus and materials that has been 

used in this experimental work for this thesis with an explanation of the 

experiments and tests, which include:  

- Synthesis of biodiesel derived from WCO, physical and chemical properties 

testing 

- Testing Biodiesel waste cooking oil in diesel engine to investigate 

performance and exhaust emissions. 

- Recycled the exhaust gaseous to control NOx emissions.  

All electronic apparatus have been calibrated to a steady level. The tests are 

repeated three times to minimize errors. 

 

3. 2 Design of Experiment 

        Design of experiments (DOE) is a technique that permits scientists and 

engineers to study the relationship between several input variables (factors) and 

significant output variables in a systematic and efficient manner (responses). It 

is an organized approach to data collection and discovery [78]. DOE is utilized 

when it is necessary to determine whether a factor or group of factors affects the 

response : - 

- To examine whether factors influence the response jointly. 

- To simulate the response's behavior as a function of the components. 

- To improve the reaction. 

       In 1926, Ronald Fisher presented four fundamental DOE principles: the 

factorial principle, randomization, replication, and blocking. Historically, these 

designs were developed and analyzed by hand; only recently practitioners have 

begun adopting computer-generated designs for a more effective and efficient 

DOE.In thepresent work, three major sets of test are achived. Namely, tests for 
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sunthesize the biodiesel, tests of theDEperformance and exhaust emissions 

when its fuelled by diesel – WCO biodiesel blends, and the tests of utilized 

EGR to control the NOX emissions.  

 

3.2.1 DOE of synthesize biodiesel from WCO 

      According to the chemical equation of transisetrification, the WCO, NaoH, 

and methanol are the input parameters. The biodiesel and glycerin are the out 

put. To complete the design of experiment, the environment parameters  are 

studied tofind outthat theyhave no effect on experiments of biodiesel synthesize.  

 

 

 

 

 

 

 

 

Figure (3.1) DOE for Transesterification process 

     The design of experiment gives the researcher details about the Input 

prameters, how measure it, how vary it, what is the sensbility of measuring 

device, uncertainity and errors. In response side, the researcher can define the 

measuring output parametres, calculated parameters. Also, DOE  helps to 

specify the measuring instruments , its precise and accurecy.  
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3.2.2 DOE of diesel engine performance and exhaust emissions testing when 

its fuelled by diesel – WCO biodiesel blends 

 

         Figure (3.2) shows the DOE for the testing of biodiesel –diesel blends 

fulled compression ignition engine. Compression ratio varied from 14.5 to 16.5, 

the engine load is varied from no load, 1/4 load up to full load. The blend of 

biodiesel ratio is changed from 0 to 30 percent with 10% increament on base of 

biodiesel volume to diesel volume. The response parameters are measured and 

calculated to study the effect of input on outputs. Spesifically, The 

―experimental test‖ is affected by three different types of variables (input, 

output, and enviroment) as shown in figure (3.2). Engine load, compression 

ratio, biodiesel ratio and EGR are paper input variables. Brake thermal 

efficiency, volumetric efficiency, specific fuel consumption, air-fuel ratio, and 

exhaust temperature are the output variables or responses. In addition, we can 

think of measuring CO, HC, O2, and NOx as output variables or response to 

exhaust emissions. Environmental variables include ambient temperature and 

pressure, diesel and biodiesel requirements. All devices and instruments are 

selected according to readings range with good precise and accuracy for input 

and out put. 
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Figure (3.2)  DOE  for testing biodiesel in diesel engine  

 

3.2.3 DOE of recyclation of exhaust gas to control the NOXemissions  

 

      To control the NOX emission, The DOE conducted  a research to determine 

the impact of EGR on engine performance and NOXemissions . the EGR 

variation is studied with optimum fuel blend ratio.  Figure(3.3) below gives the 

DOE for those tests . 
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Figure (3.3) DOE for testing biodiesel in diesel engine with EGR system  

 

3.3 Apparatus and Materials for the Preparation of Biodiesel 

        Conventional transesterification is used to synthesize biodiesel from WCO. 

To achieve the successful transfer of oil into biodiesel. The process needs the 

main materials , Figures (3.4),(3.5),(3.6) : 

- Waste cooking oil, which is leftover sunflower oil mainly and other type of 

cooking oil and fats, after being filtered  from the impurities. 

- Suitable catalyst such  as sodium hydroxide NaOH . 

-A suitable solvent such as methanol alcohol 
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Figure (3.4) photo of waste cooking oil       Figure (3.5) photo of NaOH 

 

 

Figure (3.6) photo of methanol  
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      Devices that are used in the transesterification process: 

- Decanters of different sizes, commensurate with the amount of WCO and 

alcohol. 

- Digital sensitive scale to measure the amount of catalyst. 

- A water bath to heat the WCO to 62 °C. A water bath is used to obtain a 

gradual increase in temperature and to ensure that the heat is distributed to all 

oil molecules evenly. 

- Electric mixer (stirrer)to mix materials (NaOH, methanol, hot WCO).    

These materials (alcohol and catalyst) are chosen due to their availability and to 

reduce their cost compared to the rest. The amount of alcohol and catalyst is 

relied upon by referring to other literature [1][43][19][32], in addition to 

conduct several experiments to reach the production of the largest possible 

amount of biodiesel compared to the amount of glycerin. 

The water bath apparatus is calibrated using a mercury thermometer and 

calibrate the digital scale with more than one other scale. 

 

3.4 Biodiesel Synthesis 

         The transesterification process has been resorted to because it is the most 

widely used and depends on the presence of solvents (methanol or ethanol) and 

catalysts NaOH  that are available, due to its low cost and high yield of         

biodiesel at atmospheric pressure and low temperature ranging (58-65) °C. 

        Transesterificationis carried out in chemical engineering laboratories 

affiliated to the University of Babylon, College of Engineering, in December 

2021. It is the reaction of triglycerides in oil with alcohols to produce alkyl 

esters and glycerol. Triglycerides consist of three long-chain fatty acids bonded 

to a glycerol molecule, as shown by equation in figure  (3.7). 
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      CH2-COO-R                                                         R-COO-CH3      CH2-OH 

      CH-COO-R     +   3CH3OH        NaOH               R-COO-CH3   + CH2-OH 

      CH2-COO-R                                                         R-COO-CH3      CH2-OH 

(Triglycerride) + (3Methanol)     NaOH                (3Biodiesel)    +(Glycerol) 

Figure (3.7) Transesterification Equation[1] 

 

3.5 Experiment description 

       The experiment is conducted at a temperature of (58 ,60, 62 , 64) °C with 

variable amounts of methanol alcohol and NaOH for 1 liter of WCO. It is noted 

that the highest percentage of biodiesel production could be obtained compared 

to glycerin, which occurs at the subsequent amounts and steps.  

-  Insert 1 liter of WCO into a suitable beaker. Figure (3.8) shows the flask with 

oil is placed in a water bath , then the heat is transferred to the oil gradually 

until the desired temperature. 
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Figure (3.8) photo of water bath  

- As a reference, figure (3.9) shows mix 130 ml of methanol (7.7:1, WCO 

/methanol) with 4 grams of catalyst (NaOH) to every one liter in powder form at 

room temperature (0,43% according to the eqution:). 

WCO weight(g) = WCO volume(ml) * WCO density(g/ml)  

WCO density = 0.9155 g/ml [35] 

The percentage of the catalyst weight in relation to the weight of the oil 

 
            

           
 

 The catalyst and the methanol  are sufficiently mixed for 15 minutes (until all 

catalyst dissolves) to produce the approved methoxide. 
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Figure (3.9) photo of methoxide 

- Methoxide is added to the WCO at (58,60,62,64)°C . After mixing, they are 

removed from water bath and stirred for 20 minutes as shown in figure (3.10), 

to ensure the completion of the reaction by the electric mixer, where the 

methoxide enters into the reaction with the oil and begins to change the R 

radicals to manufacture biodiesel. 
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Figure (3.10) photo of electric mixer. 

- Keep the mixture in the beaker to separate 1060 ml of FAME (top layer) with 

70 ml of glycerol (lower layer) after about 24 hours to be separated manually, 

figure (3.11).Which gives 94% biodiesel and 6% glycerol of total WCO,the 

aforementioned production percentages were obtained at 62°C . 

 

Figure (3.11) photo of  Biodiesel and Glycerin    
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3.6 Physical Properties for Diesel and Biodiesel 

        After biodiesel production from WCO , the physical properties of biodiesel 

is specifically measured at the Dora refinery in Baghdad/Iraq. Table (3.2) shows 

the characteristics of diesel fuel [79] and their comparison with those of 

biodiesel along with ASTM standards that are frequently reported in the 

literature. Tests are occurred to ensure that the product is biodiesel. 

 

Table 3.2: Diesel and Biodiesel characteristics 

Fuel Properties Unit Diesel[79] Biodiesel Standard  

Method 

Density @15°C Kg/m³ 830 902.4 ASTMD4052 

 

Flash point  

°C 

68 49 ASTMD 93(A) 

Pour point (-)16 (-)3 ASTMD 97 

Cetane Index _ 53.4 51.1 ASTMD 4739 

Calorific Value MJ/kg 45.836 24.123 Calculated 

Viscosity @40°C Pa.s 0.002241 0.007872 ASTMD 445 

Ash content  

%wt 

0.01 0.1679 ASTMD 482 

Total sulfur 0.2759 0.01 ASTMD 4294 
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3.7 The Iraqi Economic Scenario for Biodiesel Synthesizing 

           Since long time Iraqi rivers and water supply sources are facing 

pollutants issues from different pollutant sources [89].  Recently, with increase 

Iraqi population for more than 40 million and increase rate of cooking oil 

consumption around 20 kg / person annually due to demand of life as mentioned 

in figure 1.1.  

        The United Nations, together with a group of international and local 

environmental organizations, sounded the alarm due to the exposure of river 

water and water sources to high levels of pollution, amounting to more than 

73% [90],[92] . Therefore, it became necessary to treat the sources of water and 

soil pollution, including waste cooking oil. The process of collecting and 

treating waste cooking oil is considered as economically costly treatment due to 

expensive chemical material and process. Hence, the transferring of waste 

cooking oil to biodiesel is considered as a double solution method in dealing 

with pollution and providing a vital sustainable source of energy.  

          Table (3.1) shows the cost of producing one liter of biodiesel in Iraqi 

dinars which includes the price of the row material, bio alcohol, catalyst, and 

equipment cost (water bath, digital scale, and electric mixer, and flasks) divided 

by its useful life. 

       The researcher [87] produced methanol alcohol from Al-Zuhdi dates. The 

production of one liter of alcohol amounted to 1021 ID.The cost of one liter of 

biodiesel is approximately 191 ID . 

         The cost of producing methanol alcohol and biodiesel for the purpose of 

academic work is higher than the actual cost in the case of mass production. It is 

possible to provide more than 70% of energy needs. It can be observed from 

table 3.1, the roughly price of 1 liter WCO biodiesel around 191 ID which  
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locally less than price of diesel (200 ID/liter). Again, the WCO is cheapest than 

any type of biodiesel because it achieved to goals in one process by eliminating 

chemical pollutants and finding a sustainable alternative fuel to replace partially 

or totally the expensive fossil fuel, which are considered as one of high global 

pollution source.  

Table 3.1 cost estimation of 1 liter synthesized biodiesel from WCO 

 

Material 

Needing quantity 

to synthesized one 

liter of biodiesel 

Iraqi Dinars/ 

liter of biodiesel 

Methanol 130 ml 133 

Waste cooking oil
*
 1liter 0 

NaOH 4 g 40 

Laboratory  equipment
**

 - 18 

 

*The price of used cooking oil is free. Moreover, the use of WCO to produce 

biodiesel saves the cost of complex chemical treating this type of waste that 

harms the environment, which obliges the state to spend expenses for workers, 

equipment and materials for water treatment. 

** Laboratory equipment indicates all apparatus and devices that utilize to 

transfer one liter of WCO to biodiesel. Whereas, calculate its cost and divided 

on number of transferring process roughly. 

3.8  Testing of WCO Biodiesel Blends in Diesel Engine  

         The biodiesel test is carried out in the internal combustion laboratory in 

college of Mechanical Engineering / University of Babylon / Hilla, IraqStarting 

from April 2021 at an ambient temperature of 26.3 °C. Figures (3.12) and (3.13) 
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show a computerized diesel engine test system with sensors ,instruments and 

eddy current booster to test the performance and emissions of a biodiesel/diesel  

blend and compare them with diesel.The uncertainty analysis has been achieved 

adopted Moffat error formula [94]. Table (3.3) describes the uncertainties. 

Table 3.3 The Uncertainties Of Measured And Calculated Experimental 

Factors. 

No. Factor Uncertainty % 

1. Engine speed 0.1 

2. Brake power 1 

3. Air flow rate 3 

4. Fuel flow rate 2 

5. Exhaust 

temperature 

0.2 

6. Gas analyzer 0.02 
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Figure (3.12) diagram of experimental rig  
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Figure (3.13) Main components of the investigational system 

 

The description of system is mentioned below : 

A- Diesel Engine 

The single-cylinder compression ignition engine is retained during the chase for 

the purpose of testing. Engine details, make and specifications are given in table 
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(3.4). A suitable water cooling, lubrication and water supply systems are 

attached. Figure (3.14) gives a picture of the engine.   

 

Figure (3.14) The diesel engine. 

Table 3.4 the engine made and technical measurement[50] 

Make And Model                                   Kirloskar 

General Details Single Cylinder, Four 

Stroke, Compression 

Ignition, Vertical, 

Direct Injection, 

Water Cooled 

Bore 80 mm 

Stroke 

Rating Speed 

Swept Volume 

Clearance Volume 

110 mm 

1500 rpm 

553 cm
3 

0.03687 m
3
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Compression Ratio 

Rated Power 

Static Injection 

Timing 

Injection Pressure 

Start Of Injection 

End Of Injection 

Nozzle Diameter 

12.5-17.5 

3.7 KW 

-30 BTDC 

 

160 Bar 

150 °CA 

190 °CA 

0.02 mm 

 

B- Eddy current dynamometer:      

     The eddy current dynamometer is a device for measuring torque and 

engine braking force, shown in Figure (3.15). It is based on the principle of 

converting kinetic energy into electrical energy . The dynamo is connected to 

the engine through coupling . The dynamo takes its movement directly from 

the engine at the same speed . The rotation process causes the generation of 

an anti-magnetic field that pushes electrons inside the copper wire to 

generate an electric current and voltage to form electric energy operates the 

engine parts. 

 

 

 

            

 

    Figure (3.15)  Eddy current 
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       The generated current and voltage can be read through the voltage and 

current reader that appears in figure (3.16), in this thesis a fixed voltage of (220-

223) volts is relied upon.  

.  

                        Figure( 3.16)  Voltage and current reader 

 

To control engine load , an electric variable loads are used where the full engine 

load is divided on 4 steps namely ,0 load ,1/4 load ,1/2 load ,full load.The full 

load of engine is taken from engine specificatione . for example ¼ load means 

      

 
     . 
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Figure 3.17  Loading system 

 

C-  Exhaust temperature sensor 

 

        It is a digital device connected to the engine by a sensor, that measures 

the temperature of the engine exhaust gas. It consists of a k-type 

thermocouple which is connected to a digital screen to show the reading 

directly after measurement.As shown in the figure (3.18). 

 

 

Figure (3.18) Exhaust  temperature measurment system 

 

D- Air flow meter 

       To measure the air flow, a water pressure gauge is used in the intake 

tank according to the equation in(Appendix B ,equation (4)) as shown in 

Figure (3.19), where the air volume changes based on the change of engine 

speed and load, it is connected to the air flow tank with a 15 mm opening.  
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Figure (3.19) Air flow meter 

 

E- Speed tachometer  

          To measure the engine speed, the tachometer is connected to the 

dynamometer to transmit the engine speed to the computer screen. The engine 

speed is controlled by the engine data control system .Figure (3.20) shows  

speed tachometer.The speed in this work is fixed at 1500 rpm . 

 

Figure (3.20) Speed tachometer 
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F- Measurement of fuel consumption 

       Through a graduated fuel tank equipped with a cantilever load cell as 

shown in figure (3.21) , the fuel consumption is measured. The gauge has a 

load range of 0 to 1000ml. Whereas, the fuel consumption rate is the 

difference between the final (mf2) and initial (mf1) weights of the fuel in the 

tank over time (t) ,whichis represented by the equation in (Appendix 

B,equation (2)) . Biodiesel fuel is mixed with regular diesel according to four 

biodiesel blends by volume (B0, B10, B20 and B30) in the same fuel tank. 

In thepresent work, the fuel consumption time is fixed, within 2 minutes. 

 

 

Figure (3.21) Unit of fuel consumption measurement 

G- Measurement of engine exhaust emissions 

         Exhaust Gas Analyzer from TEXA -Italy is used to measure CO2, HC, 

NOX and O2. A tube connected to the gas analyzer is placed near the engine 

exhaust, then the gas analyzer sends all readings via Bluetooth to the computer 

after the driver is installed appearance (3.22) . 
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Figure (3.22) Gas analyzer 

 

 

 

 

H- Engine data control system 

         Using the microprocessor control unit and the specially designed 

software shown in figure (3.23) to measure variable engine data such as 

speed and the exhaust temperature.  

 

Figure (3.23)  Data Acquisition System   
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I- CR variability 

          The engine compression ratio is changed mechanically by means of a 

mechanical screw at the top of the cylinder in the range of 12.5 to 18.5 by step 

one. Figure (3.24) shows the screw arrangment  where rotation clockwise a full 

turn (increase in CR) and counterclockwise a full turn (decrease in CR) from the 

reference value of 15.5 CR . 

 

            Figure (3.24) Screw to change the compression ratio  

 

3.9Exhaust Gaseous Recirculation to Control NOX 

      To reduce the NOX emissions that increases after the use of biodiesel, EGR 

technology is used to return the engine exhaust gas. This technology is present 

in modern cars to preserve the environment from NOX emissions. The EGR 

system consists of the following equipment : 

- A manually operated valve installed on the engine exhaust gas path to control 

the amount of gas returning from the engine to the orifice by pipe in diameter (1 

inch) and length (2m) as shown in figure (3.25)  , which is designed to resist the 

exhaust temperatures that usually range (60 -300)°C. through the tube.  
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Figure (3.25) manual control valve 

- U-tube water manometer to measure EGR. The manometer is connected to the 

orifice meter, which consists of a plate with a circular  sharp-edged orifice fixed 

inside the tube. A water pressure gauge is attached across the orifice to measure 

the pressure difference in order to determine the return exhaust gas flow through 

the pipe. Figures (3.26),(3.27) show the orifice made according to the British 

Standard [80]. 

The first pressure tap on the high pressure side has a distance (D) from the 

centerline of the orifice gauge, while the second tap on the low pressure side has 

a distance (D/2) from the centerline of the orifice gauge. 
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A flow meter is not used to measure the return exhaust gas flow rate because 

manometers are more sensitive to small flow rate values, although manometers 

are imprecise compared to flow meters. 

 

Figure (3.26) orifice meter [80] 

 

Figure (3.27) photo of the orifice meter 

        To apply the EGR system, the following steps are applied: 

- Connect the orifice to the air inlet box to mix the return exhaust gas with the 

air entering the engine 



Chapter Three                                                                  Experimental work 

76 
 

-Run the engine at 1500 rpm, a compression ratio of 16.5, and a full load. 

-Calculate the amount of return exhaust gas flow at the previous conditions 

using the manometer equation (Appendix B,equation (7)).To get the maximum 

amount of exhaust gas out of the engine. 

-Install the manual valve when the general gas flow value reaches 5% and 10% 

of the maximum value. 

- Calculate engine parameters (BTE, SFC, EXT, VOL.EFF, A/F), read engine 

emissions (CO2, HC, O2, NOX). 

- Repeat the previous step with all biodiesel mixtures and at the three 

compression ratios. To find out the most appropriate conditions in which 

NOXemission decreases.Figure (3.28) shows the EGR sensor system. 

 

Figure (3.28) System of EGR 
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3.10  Experimental Steps 

          After preparing the diesel/biodiesel blends, the below sequential steps ara 

followed on diesel engine to obtain the results being discussed in the coming 

chapter. 

1. To ensure proper operation, check all equipment and diesel pipelines for 

leaks, engine cooling water lines and the lubrication system. 

2. All digital and electrical instruments are tested for operation. 

3 . Turn the crank to start the engine after confirming the required compression 

ratio . 

4. Run the engine for a few minutes to heat up to reach thermal balance, then set 

the required speed (1500 rpm). 

5. Start the engine with pure diesel (B0) only and record the data with the load 

change (0% , 25% ,50%, 75% , 100%) for the three compression ratios (14.5 , 

15.5 , 16.5). These steps are repeated with the other mixtures (B10 - B20 - B30). 

6. Use the EGR technique twice (5% and 10%) for the same previous 

conditions, so that the total number of readings becomes 120. 

7. Use the various systems that are integrated with the engine, record all input 

control variables. 

8. Turn off the motor after reaching the no-load state. 
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3.11 Flow charts for different experimental works: 

 

Scheme (A) Biodiesel Synthesis 

Start 
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Scheme (B) gives the flow charts of experimental tests  
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4.1 Introduction 

      In this chapter, the experimental results are discussed where the results are 

gathered from experimental of: 

1-Synthesis of biodiesel. 

2-Testing of biodiesel mixtures in the engine 

3-Control of NOX by EGR technique 

4.2 Synthesis of Biodiesel 

      It is noticed that the percentage of biodiesel production from WCO is changed.  

According to the amount of temperature of heating the WCO in the water bath, the 

ratio of biodiesel to the percentage of glycerol production is changed. The experiment 

of biodiesel synthesize from Iraqi local waste oil is conducted at variable waste oil 

temperatures. The results are summarized in table 4.1below. 

Table (4.1) Biodiesel production according to WCO heating 

Test 

Num. 

WCO heating 

temperature °C 

Biodiesel 

production % 

Test 1 58 86 

Test 2 60 90 

Test 3 62 94 

Test 4 64 92 
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          From table 4.1 can be observed that, the preheated temperature of waste oil is 

important to initiate the reaction between oil and mixture of NaOH + methanol. 

        This temperature is a response of the chemical roots transferring from oil to 

biodiesel. From experimental achieved in laboratory, the temperature of maximum 

biodiesel synthesized is assessed between 58 
o
C and 64 

o
C. The amounts of reaction 

productions are calculated. Reaction production is presented by biodiesel volume and 

glycerin volume. For each type of oil there is optimum temperature from range of 

temperatures that oil transferred to biodiesel [81,82]  this range of temperatures means 

the transterfectation process start at 58 
o 
C in this type of oil.  

       Table(4.1)  shows the percentage of the volume of biodiesel produced, which is 

calculated from the equation of the percentage of the volume of biodiesel produced : 

                
                            

                    
      

 The rest of the volume of the product represents glycerin. 

 

4.3 Testing of Biodiesel Mixtures in the Engine 

4.3.1 Performance and emissions of diesel engine run by diesel at VCR 

         The engine first runs with pure diesel at a constant speed (1500) rpm with 

variable compression ratio VCR to study the performance and emissions of the 

engine. The compression ratio is changed from 14.5, then 15.5, and finally 16.5 by 

changing the angle of the control column in the piston arm by moving a screw 

mechanically, previously referred to. The larger the cylinder size , the smaller the 

combustion chamber, the higher the CR according to the mathematical equation  

CR= 
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 - Performance Characteristics 

        Figures (4.1), (4.) represent a comparison between brake thermal efficiency  BTE 

and specific fuel consumption  SFC in sequence for diesel fuel with overload at CR 

values. Whereas, BTE and SFC increase with increasing load. The total energy release 

increases with the increase in the engine load, and therefore the output power ratio 

increases, and this leads to more fuel consumption as the fuel pump increases with the 

increase in the load. Volumetric sufficiency decreases with increasing load. Because 

the engine speed decreases with increasing load [75]. 

 The graph shows that there is an increase in BTE and an increase in SFC with a rise 

in CR. 

SFC is the percentage of average fuel consumption at a specific time (Appendix B, 

equation (5)), an important parameter that reflects how well an engine performs at 

converting fuel into energy. 

          A rise in the CR  means a rise in the volume of the cylinder, and thus the entry 

of the air-fuel mixture increases. This causes an increase in fuel consumption and an 

increase in the combustion process inside the combustion chamber. Increasing CR 

improves the pyrolysis process and air-fuel mixing, which leads to improved 

combustion 

        The brakes thermal efficiency is calculated (Appendix B,equation (1)) by the 

ratio of measured brake force to the product of fuel flow rate and calorific value. The 

heat generated from the combustion process of the mixture increases to give 

mechanical energy to move the pistons, and thus the brakes thermal efficiency 

increases with the increase in the compression ratio. 

      All researchers agreed that the motor reaches its highest efficiency at 75% load. At 

high load, the thermal efficiency decreases, which may be due to friction losses. At 
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low loads, the engine needs to produce power to overcome friction losses .The highest 

efficiency a diesel engine can reach (55-60%). 

  

Figure 4.1: Variation of brake thermal efficiency with compression ratio                 

 

Figure 4.2: Variation of specific fuel consumption with compression ratio     
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      Figure (4.3), (4.4) shows comparison of exhaust gas temperature  EXT and 

volumetric efficiency  VOL.EFF in series for diesel at CR values with increased load.  

         Exhaust gas temperature is the form of heat losses resulting from the burning of 

the fuel-air blend in the combustion chamber. EXT is an important parameter in the 

thermodynamic analysis of an engine used with different fuels.  Volumetric efficiency 

is the ratio of the actual air intake in the cylinder to the maximum amount of air that 

can be drawn during the intake stroke(Appendix B,equation (3)), represented by the 

displacement of the piston. 

       EXT increases and volumetric efficiency decreases with increasing loading 

conditions. Due to the increase in fuel consumption with the increase in CR, that is, 

the increase in the combustion process, as shown in the diagram. In addition, the rise 

in reaction rate and flame velocity that occurs with increasing load is believed to cause 

an increase in EXT, as well as an increase in the rate of heat emission relative to the 

rate of heat loss. The fluctuation in the manometer reading and the optical errors are 

reflected at the expense of the volumetric efficiency, and irregular readings appeared. 

Increasing the CR means increasing the volume of the cylinder, that is, increasing the 

actual compressed air volume, and this leads to an increase in CR by a small 

percentage, as shown in the diagram. 
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Figure 4.3: Variation of Exhaust Gas Temperature  with compression ratio                

               

Figure 4.4: Variation of volumetric efficiency with compression ratio                

 

         Figure (4.5) shows the air to fuel A/F comparison of diesel at CR values with 

overload.  

A /F is the proportion of air weight to the weight of fuel inside the combustion room. 

It is a measure if the mixture is flammable. On the amount of energy and  pollutants 

that are launched from the combustion of fuel.Since the actual air entering the engine 

decreases with increasing load, this means a decrease in the air-to-fuel ratio. 

The air-to-fuel ratio decreases with increasing loading conditions. due to the increase 

in fuel consumption. As CR increases, sucking air increases and thus A/F 

increases[46]. 

 

65

70

75

80

0 25 50 75 100

  V
o

lu
m

e
tr

ic
 E

ff
ie

n
cy

  
%

 

Load  % 

CR=14.5

CR=15.5

CR=16.5



Chapter Four                                                                  Results and Discussion 

88 
 

  

Figure 4.5: Variation of air to fuel ratio with compression ratio                

 

-Emission characteristics 

       Figures (4.6) , (4.7) show the comparison of carbon dioxides CO2 and 

hydrocarbon values in series for diesel at CR values with increasing load.  Due to the 

increase in fuel injection in the combustion chamber with the increase in engine load, 

diesel emissions rise exponentially, including CO2 and HC. 

       A rise in CR leads to a rise in the burning of fuel in the combustion chamber, and 

thus an increase in the emission of CO2 and HC. Cracks, oil films and deposits, liquid 

fuels, flame suppression, and exhaust valve leaks are six main theories put out as 

causes of hydrocarbon emissions. Hydrocarbon is generated in the exhaust when 

liquid fuels do not find enough oxygen to burn before combustion ends [83].As for 

CO2, it is formed the more diesel burns, because it is rich in carbon. 
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Figure 4.6: Variation of carbon dioxide with compression ratio                

 

Figure 4.7: Variation of hydrocarbon with compression ratio                

 

         Figures (4.8) , (4.9) show a comparison of the nitrates oxides  NOX and O2 

values for diesel at CR values with increased load.  

There is an increase in NOX emission and a decrease in O2 with respect to the height 

of the load. 
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        Oxygen increases with the increase of CR because the entry of air is more. The 

same factor also contributes to an increase in NOX emissions with an increase in CR, 

as well as a rise in combustion temperature with an increase in the compression ratio. 

Where nitrogen oxides are formed as follows: 

 O + N2  ↔  NO + N 

 N + O2  ↔  NO + O 

 N + OH  ↔  NO + H 

       During the combustion process, higher post-flame temperatures and 

oxygen concentrations result in an increase of NO production .The NOX 

concentration triples when the oxygen concentration in the air 

reaches27%[83] 

  

 

Figure 4.8: Variation of Nitrogen oxides with compression ratio 
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Figure 4.9: Variation of Oxygen with compression ratio 

 

Table (4.2) shows approximate percentage values that represent an increase↑  or 

decrease↓ in performance and emissions of the diesel engine according to the change 

in the compression ratios and the varying engine loads. 

Table (4.2) Engine characteristics behavior with changing loads and CR 

Properties Trend with increasing 

load at CR=15.5 

Trend with 

increased CR at 

full load 

BTE% ↑  25% ↑  17% 

SFC ↑  18% ↑  5% 

EXT ↑  16% ↑   4%   

VOL.EFF ↓   6% ↑   10% 

A/F ↓ 30% ↑  5% 

CO2 ↑   8%  ↑  7% 

HC ↑  2.5% ↑  37% 

NOX ↑  25% ↑ 40%  
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O2 ↓   3% ↑   3% 

 

4.3.2 Performance and emissions of diesel engine run by diesel / biodiesel at VCR 

         Biodiesel is added with diesel  in three proportions to study performance and 

emissions of diesel engine to prove the suitability of biodiesel as a substitute for 

diesel. 

-  Performance Characteristics 

          Figures (4.10), (4.11) represent comparison of BTE and SFC for diesel and 

WCO biodiesel at CR values with increasing load.  

The graph shows a decrease in BTE and an increase in SFC with an increase in the 

proportion of the WCO-biodiesel blend in diesel. Biodiesel has a higher viscosity and 

density than diesel, so the engine needs to consume more fuel to get the same power 

output as the proportion of biodiesel in the mixture increases. Properties tests show 

that the calorific value of bio-diesel is lower than that of diesel, so the brake thermal 

efficiency decreases.  
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Figure  4.10: Variation of brake thermal efficiency with compression ratio for 

diesel/biodiesel 
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              Figure. 4.11: Variation of specific fuel consumption with compression ratio 

for diesel/biodiesel   
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causes a rise in the exhaust temperature. This is also an indication of the reason for the 

low brakes thermal efficiency . 

 

  

 

              Figure. 4.12: Variation of Exhaust Gas Temperature  with compression ratio 

for diesel/biodiesel    
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              Figure. 4.13: Variation of volumetric efficiency with compression ratio               

for diesel/biodiesel  

   

         Figure (4.14) shows an A/F comparison of diesel and WCO biodiesel at CR 

values with overload. When comparing fuel, we note that the ratio of air to fuel 

decreases with the rise in the part of biodiesel  in the mixture. 

Increasing the percentage of biodiesel means more fuel consumption, and this means 

drawing more fuel into the combustion chamber, and thus the A / F value decreases. 
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              Figure. 4.14: Variation of air to fuel ratio with compression ratio for 

diesel/biodiesel  

 

-  Emission characteristics 

        Figures (4.15), (4.16)  show a comparison of CO2 and hydrocarbon values for 

diesel and biodiesel WCO at CR values with increasing load. The amount of CO2 and 

HC decreases as the mixing ratio rises in the WCO. This is one of the most important 

advantages of using biodiesel as an alternative fuel. 

Biodiesel is an oxygenated fuel that improves combustion efficiency and reduces CO2 

and hydrocarbon (HC) emissions.  
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  Figure. 4.15: Variation of carbon dioxide with compression ratio for diesel/biodiesel    

 

 

 

 

1.5

1.7

1.9

2.1

2.3

2.5

2.7

2.9

0 25 50 75 100

C
ar

b
o

n
 d

io
xi

d
e

 V
O

L.
 %

 

Load % 

B0 

CR=14.5

CR=15.5

CR=16.5
1.5

1.7

1.9

2.1

2.3

2.5

2.7

0 25 50 75 100

ca
rb

o
n

 d
io

xi
d

 V
O

L.
%

 

Load  % 

B10 

CR=14.5

CR=15.5

CR=16.5

1.4

1.5

1.6

1.7

1.8

1.9

2

2.1

2.2

2.3

0 25 50 75 100

ca
rb

o
n

 d
io

xi
d

e
 V

O
L.

%
 

Load  % 

B20 

CR=14.5

CR=15.5

CR=16.5
0.5

0.7

0.9

1.1

1.3

1.5

1.7

0 25 50 75 100

ca
rb

o
n

 d
io

xi
d

e
p

p
m

 

Load  % 

B30 

CR=14.5

CR=15.5

CR=16.5



Chapter Four                                                                  Results and Discussion 

99 
 

 

 

 
 

            

             

             

             

             

             

             

             

             

             

             
 

   

 

        

             

             

             

             

             

             

             

              

 

            

   Figure. 4.16: Variation of hydrocarbon with compression ratio for diesel/biodiesel   
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release, which increases the emission of nitrogen oxides. Therefore, biodiesel 

mixtures contain higher nitrogen oxides than diesel.    

 

  

 

  Figure. 4.17: Variation of Nitrogen oxides with compression ratio for 

diesel/biodiesel       
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   Figure. 4.18: Variation of Oxygen with compression ratio for diesel/biodiesel   
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Table (4.3) engine characteristics with the addition of biodiesel  

Properties Behavioral trend with 

the addition of biodiesel 

BTE% ↓   15.5% 

SFC ↑   15% 

EXT ↑ 12.5% 

VOL.EFF - 

A/F ↓     20% 

CO2 ↓   23%  

HC ↓   48% 

NOX ↑  40% 

O2 ↑   6% 

 

4.4 Performance and Emissions of Diesel Engine Run by B20 at VCR and EGR 

4.4.1 Selection of B20 as optimum blend 

          The test of different fuel mixtures shows that the increasing biodiesel 

percentage in biodiesel/diesel mixture indicates a reduction in brake thermal 

efficiency with noticeable increase in fuel consumption. On the pollutants side, 

obviously increasing of biodiesel rate in fuel mixture leads to decrease in CO2 and HC 

emission and an increase in NOX.  As far as, the reducing of adding biodiesel rate to 

the mix does not meet the purpose of using biodiesel as a substitute for pure diesel 

(reducing carbon and sulfur emissions of the diesel engine,Which has a negative 

impact on human health and the environment [88]). B10 could not consider as best 

blend biodiesel ratio due to limit substitute of fossil fuel by renewable bio fuel. To 

show the best mixing ratio between the blends B10, B20, and B30 that are selected 

according to literatures [51], [53], and [74]. B20 is concluded as the most suitable 

ratio for mixing biodiesel with pure diesel to obtain the best brake thermal efficiency 

and fuel consumption side by side with sensible reduction in hydrocarbons emissions 
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compared with the other blends as shown in table(4.4)  which gives the engine 

performance and its emissions at full load and CR=15.5. The trend appeared in the 

engine parameters for compression ratio15.5 is similar to the variations in the engine 

performance and emissions at variable blends and compression ratios 14.5 and 16.5.   

 

Table (4.4) Engine performance and emissions at all blends for full load and 15.5 

compression ratio  

Engine 

characteristics 

 

B0 

 

B10 

 

B20 

 

B30 

BTE % 13.261 11.766 12.986 10.870 

SFC (kg/sec) 

*10
-5

   

34.583 38.373 35.186 42.586 

CO2 2.6 2.2 2 1.5 

HC 35 21 18 12 

NOX 62 88 109 172 

 

        The critical literatures approved that blend of 20% biodiesel with 80% diesel is 

the best or the optimist ratio according to the experimental results. The researcher [48] 

found that the B20 fuel blend is the most suitable for the test engine with a maximum 

reduction of 17% for HC, 30% in CO and 16.46% increase in NOX emissions. The 

B20 blend shows a decrease in BTE of 1.85% at full load compared to diesel, and an 

increase in SFC of 6.89%. Also, researcher relied [46] on the B20 mixture, which 

shows a decrease in the brakes thermal efficiency of the by 32.7% at maximum load. 

Meanwhile, the researcher [71] added ZnO to the B20 fuel mixture to improve engine 

performance, as nitrogen oxides emissions decrease by about 15%. Carbon dioxide 

and hydrocarbon emissions decrease by 20%. 
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       B20 blend is found to be the most suitable fuel blend in terms of performance 

characteristics  and engine emissions. Allowing to the effects of the experimental 

investigation, the mixing ratio B20 gives the lowest emissions according to diesel for 

the best performance of the engine compared to the remaining mixing ratios. 

       Therefore, EGR technology is applied at varying rates of 5% and 10% to reduce 

NOx emissions with B20 mixing ratio. 

-  Performance Characteristics 

        Figures (4.19), (4.20) represent the effect of the EGR technique on the BTE and 

SFC of the mixing ratio B20 compared to diesel and WCO biodiesel at CR values 

with increasing load, where the graph shows a rise in EGR that slightly increase BTE 

and decreases SFC.  

The exhaust gas takes the place of part of the air inside the combustion chamber, 

which leads to a decrease in the flame temperature, and the combustion process is 

improved by burning the return exhaust gases, and this is what happens at high EGR 

rates. BTE may rise due to an increase in the combustion rate when the combustion of 

HC increases with the exhaust gas. Therefore, the behavior of BTE varies with the 

addition of EGR. 

The reason for the decrease in fuel consumption may be due to the high temperature 

of the combustion chamber as the exhaust gas returns. 
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              Figure. 4.19: Effect of Exhaust Gas Recirculation on Brake Thermal 

Efficiency of B20  
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              Figure. 4.20: Effect of Exhaust Gas Recirculation on Specific Fuel 

Consumption of B20  

 

     Figures (4.21),(4.22) show the effect of EGR on EXT and VOL.EFF of a B20 

blend compared to diesel and WCO biodiesel at CR values with increasing load. Note 

from the graph a decrease of EXT and the volumetric efficiency of the B20 mixture  

by using EGR . 
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    The oxygen level decreases with the rise in EGR rate, and thus the ignition 

decreases with the continuation of combustion, so the exhaust gas temperatures 

decrease. Since the volumetric efficiency depends on the actual air entering the 

combustion chamber, therefore, VOL.EFF decreases with the increase in the EGR 

rate. 

 

 

              Figure. 4.21: Effect of Exhaust gas recirculation on Exhaust Gas Temperature 

of B20  
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              Figure. 4.22: Effect of Exhaust gas recirculation on volumetric efficiency of 

B20  

 

           Figure (4.23) represents the effect of EGR technology on the A/F of mixing 

ratio B20 compared to diesel and WCO biodiesel at CR values with increasing load. 

As the graph shows, the higher EGR lower in A/F, because the return exhaust gas 

replaces part of the air, and this causes the air intake to decrease. 
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Figure. (4.23): Effect of Exhaust gas recirculation on air to fuel ratio of B20  

 

-  Emission characteristics 
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exhaust gases. Higher EGR results in larger areas of flame suppression in the 

combustion dispersion stage. 

 

              Figure. 4.24: Effect of Exhaust gas recirculation on carbon dioxides of B20  
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              Figure. 4.25: Effect of Exhaust gas recirculation on hydrocarbon of B20  
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the oxygen in combustion with carbon dioxide, a higher ratio of EGR leads to a 

decrease in NOX. This is the point of using EGR technology. 

 

 

              Figure. 4.26: Effect of Exhaust gas recirculation on nitrogen oxides of B20  
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              Figure. 4.27: Effect of Exhaust gas recirculation on oxygen of B20  
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Table (4.5) The behavior of the engine characteristics is injected with B20 with the 

addition of 10% EGR 

Properties Add EGR 

BTE% - 

SFC ↓   25% 

EXT ↓  27 % 

VOL.EFF ↓    7%    

A/F ↓   12% 

CO2 ↑   11%  

HC ↑   22% 

NOX ↓   60% 

O2 ↓    15% 

 

4.5 Optimum Exhaust Temperatures: 

         The exhaust temperature is a measure of the quality of the fuel combustion 

process inside the combustion chamber. Many factors in engine performance and 

emissions are related to exhaust temperature such as heat release and NOX emission. 

Therefore, it is necessary to note the best exhaust temperature EXT that is achieved 

improvement in engine performance and emission when the diesel engine is running 

on B20 fuel with the application of 10% EGR (10% percent from maximum of 15 % 

of total exhaust flow quantity). The optimum EXT is when you have the highest 

engine performance and the lowest emissions. Table (4.6) shows the exhaust 

temperature at different loads and compression ratios for blend of 20%biodiese/ 80% 

diesel at 10% EGR.  From table (4.6), it can be observed that for each compression 

ratio there is optimum EXT at 3/4 load.  

        92 
o
C as the best EXT when CR =14.5, 98.7 

o
C the best EXT when CR =15.5, 

and130 
o
C as the best EXT when CR =16.5 respectively.  
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     Obviously, the best exhaust temperatures are highest than intake air temperatures 

for each case which leads to enhance the combustion with reasonable NOX.  

Table (4.6) Characteristics of the engine with varying loads and variable compression 

ratios 

Compression 

Ratio 

Load 

% 

EXT 

°C 

BTE 

% 

SFC 

(kg/sec) 

*10
-5

   

CO2 

VOL.% 

HC 

ppm 

NOX 

ppm 

CR=14.5 0.00 68.0 0.000 14.07 1.9 9 10 

 0.25 72.8 6.863 16.19 2.1 7 19 

 0.50 78.0 13.120 21.11 2.3 5 28 

 0.75 92.0 13.206 28.15 2.6 2 34 

 1.00 103.0 11.240 31.67 2.8 10 66 

CR=15.5 0.00 85.0 0.000 15.49 2.1 6 15 

 0.25 87.0 9.550 17.59 2.1 12 21 

 0.50 90.0 13.846 24.63 2.4 9 34 

 0.75 98.7 13.190 31.67 2.7 17 47 

 1.00 104 12.381 33.78 2.9 18 62 

CR=16.5 0.00 87 0.000 17.59 2.1 16 18 

 0.25 99 10.348 24.63 2.1 15 39 

 0.50 113 16.084 26.04 2.3 18 40 

 0.75 130 14.784 31.67 2.6 25 19 

 1.00 160 13.190 37.30 2.8 28 29 
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5.1 Conclusions 

           From the results of the current work, the following conclusions can be 

summarized: 

1) Biodiesel produced from WCO can work satisfactorily to operate diesel 

engine at certain ratios without any modifications to the engine. The researchers 

confirmed that biodiesel represents a clean and environmentally friendly fuel. 

2)Increasing the compression ratio from 14.5 to 16.5 for all blending ratios 

enhances BTE, volumetric efficiency and the air-to-fuel ratio by 17%, 10% and 

22%, respectively. The amount of emissions increase with the increase in the 

compression ratio. 

3) B20 represents the optimum mixture ratio for diesel engine operation, to give 

the best performance of the engine in return for the lowest emissions compared 

to the rest ratios.  

4)The study shows that the addition of biodiesel reduces the thermal engine 

efficiency by 15.5% and increases the fuel consumption by 15% at B20 at full 

load compared to pure diesel. CO2 and HC emissions decreases by 23% and 

48%, respectively, with an increase in NOx emission by 40% . 

5) Adding 10% of EGR reduces NOx emissions by 60% at B20 compared to 0% 

of EGR, due to low oxygen level 15% , in return for an increase in CO2 and HC 

emissions by 11% and 22% respectively. The brakes thermal efficiency of the 

and the volumetric efficiency of the engine changes very little when using EGR 

technology.10% EGR represents the best percentage for engine characteristics 

at the B20 mixture ratio.  

6) The approximate price of 1 liter of WCO biodiesel is around 190ID which is 

lower locally than the price of diesel (200 ID/liter). Biodiesel produced from 

WCO is cheaper than any type of biodiesel because it achieves goals in one 
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process by eliminating chemical pollutants and creating a sustainable alternative 

fuel to partially or completely replace expensive fossil fuels.  

7) For each compression ratio there is an optimal EXT at 3/4 load. 92 °C as the 

best EXT when CR = 14.5, 98.7 °C as the best EXT when CR = 15.5, and 

130°C as the best EXT when CR = 16.5 respectively. 

5.2 Suggestions for Further Studies 

1) Studying the behavior of a diesel engine that operates with a biodiesel 

mixture derived from WCO at high compression ratios up to (20-22). 

2)Developing the test engine, for example, making the fuel tank accommodate 

the largest amount of fuel and placing filters at the way of the exhaust gas 

returning to the engine. 

3) A study of the economic analysis and cost calculation of a plant project for 

the production of biodiesel derived from WCO in Iraq, to encourage the 

community to go to work on such projects that have proven successful 

according to the literature ,such as [34], [41] and [85]. 

4) A study to address the problems associated with the use of EGR technology 

in diesel and gasoline engines. Being the most widespread technology currently 

to reduce NOx. 
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Appendix A 

Experimental Data 

The appendix presents empirical data for a few selected results that were 

conducted to study the performance and emissions of a diesel engine. 

Table (A.1) diesel engine performance and emissions at pure diesel , 1500rpm, 

No EGR 

Compression 
Ratio 

Load 
% 

Brake Thermal Efficiency% Volumetric Efficiency%  
 

A/F 

 
 

SFC 

 
 

EXT 

 
 

CO2 

 
 

HC 

 
 

NOx 

 
 

O2 BP(KW) 
Input 

power(KW) 
 

BTE% cd area ha 
volume 
swept 

Vol. 
Eff% 

CR=14.5 
0 0 4755.485 0 0.65 0.000314 50.43 553.14 76.79 

0.000
724 10.375 73 1.7 6 4 19.9 

 
25 786.6 7925.808 9.92454 0.65 0.000314 51.28 553.14 77.44 

0.000
438 17.29167 87 1.8 6 7 19.3 

 
50 1610 9510.97 16.92782 0.65 0.000314 50.43 553.14 76.79 

0.000
362 20.75 97 1.9 5 14 18.7 

 
75 1918.2 11096.13 17.28711 0.65 0.000314 47.86 553.14 74.82 

0.000
302 24.20833 112 2.1 8 16 17.2 

 100 1955 15534.58 12.58482 0.65 0.000314 44.44 553.14 72.10 0.000 33.89167 135 2.3 11 16 15.9 



 

           

208 

CR=15.5 
0 0 6023.614 0 0.65 0.000314 47.01 553.14 74.15 

0.000
552 13.14167 76 1.8 15 24 19.8 

 
25 848.7 8559.873 9.914867 0.65 0.000314 45.30 553.14 72.78 

0.000
381 18.675 82 2.1 17 35 19.5 

 
50 1672.1 10145.03 16.48195 0.65 0.000314 43.59 553.14 71.40 

0.000
316 22.13333 93 2.3 13 45 19.2 

 
75 2208 12681.29 17.41147 0.65 0.000314 40.17 553.14 68.54 

0.000
242 27.66667 110 2.4 24 55 19.1 

 
100 2102.2 15851.62 13.26174 0.65 0.000314 40.17 553.14 67.07 

0.000
194 34.58333 133 2.6 35 62 18.5 

CR=16.5 
0 0 6340.647 0 0.65 0.000314 49.57 553.14 76.14 

0.000
538 13.83333 75 1.9 9 26 20 

 
25 828 9510.97 8.705737 0.65 0.000314 51.28 553.14 77.44 

0.000
365 20.75 90 2.1 12 41 19.4 

 
50 1679 12047.23 13.93682 0.65 0.000314 50.43 553.14 76.79 

0.000
286 26.28333 102 2.5 10 71 18.7 

 
75 2095.3 13632.39 15.37001 0.65 0.000314 48.72 553.14 75.48 

0.000
248 29.74167 121 2.7 14 97 18.3 

 
100 2109.1 16802.71 12.55214 0.65 0.000314 47.01 553.14 74.15 

0.000
198 36.65833 124 2.8 23 112 18.2 

 

 

 

Table (A.2) diesel engine performance and emissions at 20% biodiesel and 80% 

diesel, 1500rpm, No EGR 

Compression 
Ratio 

Load 
% 

Brake Thermal Efficiency% Volumetric Efficiency%  
 

A/F 

 
 

SFC 

 
 

EXT 

 
 

CO2 

 
 

HC 

 
 

NOx 

 
 

O2 BP(KW) 
Input 

power(KW) 
 

BTE% cd area ha 
volume 
swept 

Vol. 
Eff% 

CR=14.5 0 0 6339.577173 0 0.65 0.000314 53.85 553.14 79.35495 0.000393 14.07467 82 1.5 3 19 20.5 

 25 825.1 9509.36576 8.676709 0.65 0.000314 52.99 553.14 78.72263 0.000278 21.112 91 1.6 5 29 20.2 

 50 1630.13 11094.26005 14.69345 0.65 0.000314 51.28 553.14 77.4425 0.000263 24.63067 106 1.7 1 44 20 

 75 2029.3 12679.15435 16.00501 0.65 0.000314 50.43 553.14 76.79444 0.000209 28.14933 125 1.7 2 66 19.8 

 100 2049.6 14264.04864 14.36899 0.65 0.000314 46.15 553.14 73.46841 0.00017 31.668 146 2 8 82 19.5 

CR=15.5 0 0 7924.471467 0 0.65 0.000314 52.14 553.14 78.08519 0.000491 17.59333 85 1.6 5 58 20.5 

 25 834.02 11094.26005 7.517581 0.65 0.000314 52.99 553.14 78.72263 0.000393 24.63067 97 1.7 3 97 20.4 

 50 1661.35 12679.15435 13.103 0.65 0.000314 52.14 553.14 78.08519 0.000324 28.14933 110 1.8 5 130 20.4 

 75 2027.07 14264.04864 14.21104 0.65 0.000314 47.86 553.14 74.81657 0.000253 31.668 128 1.9 10 150 20.1 

 100 2058.29 15848.94293 12.98692 0.65 0.000314 46.15 553.14 73.46841 0.000185 35.18667 150 2 15 162 20 

CR=16.5 0 0 9509.36576 0 0.65 0.000314 52.99 553.14 78.72263 0.000578 21.112 110 1.8 4 45 20.5 

 25 847.4 12679.15435 6.683411 0.65 0.000314 52.99 553.14 78.72263 0.000427 28.14933 117 1.8 8 83 20.1 

 50 1672.5 15848.94293 10.55275 0.65 0.000314 51.28 553.14 77.4425 0.000321 35.18667 121 1.9 7 165 19.9 

 75 2044.91 17433.83723 11.72955 0.65 0.000314 50.43 553.14 76.79444 0.000269 38.70533 135 2.1 10 200 19.6 

 100 2071.67 20603.62581 10.05488 0.65 0.000314 47.01 553.14 74.14555 0.000222 45.74267 150 2.2 12 210 19.2 



 

           

 

 

 

 

 

 

Table (A.3) diesel engine performance and emissions at 20% biodiesel and 80% 

diesel , 1500rpm, 100% EGR 

Compression 
Ratio 

Load 
% 

Brake Thermal Efficiency% Volumetric Efficiency%  
 

A/F 

 
 

SFC 

 
 

EXT 

 
 

CO2 

 
 

HC 

 
 

NOx 

 
 

O2 BP(KW) 
Input 

power(KW) 
 

BTE% cd area ha 
volume 
swept 

Vol. 
Eff% 

CR=14.5 0 0 6339.577 0 0.65 0.000314 43.59 553.14 71.40 0.000496 14.07467 68 1.9 9 10 20 

 25 754.4 7290.514 10.34769 0.65 0.000314 42.74 553.14 70.70 0.000427 16.18587 72.8 2.1 7 19 19.8 

 50 1529.5 9509.366 16.08414 0.65 0.000314 41.88 553.14 69.98 0.000324 21.112 78 2.3 5 28 19.5 

 75 1874.5 12679.15 14.78411 0.65 0.000314 39.32 553.14 67.81 0.000236 28.14933 92 2.6 2 34 19.4 

 100 1881.4 14264.05 13.1898 0.65 0.000314 39.32 553.14 67.81 0.000209 31.668 103 2.8 10 66 18.9 

CR=15.5 0 0 6973.535 0 0.65 0.000314 43.59 553.14 71.40 0.000451 15.48213 85 2.1 6 15 19.4 

 25 756.7 7924.471 9.548902 0.65 0.000314 42.74 553.14 70.70 0.000393 17.59333 87 2.1 12 21 19.1 

 50 1536.4 11094.26 13.8486 0.65 0.000314 41.88 553.14 69.98 0.000278 24.63067 90 2.4 9 34 18.7 

 75 1881.4 14264.05 13.1898 0.65 0.000314 41.03 553.14 69.27 0.000214 31.668 98.7 2.7 17 47 18.3 

 100 1883.7 15214.99 12.38056 0.65 0.000314 35.90 553.14 64.79 0.000188 33.7792 104 2.9 18 62 17.1 

CR=16.5 0 0 7924.471 0 0.65 0.000314 42.74 553.14 70.70 0.000393 17.59333 87 2.1 16 18 19.9 

 25 761.3 11094.26 6.862107 0.65 0.000314 41.88 553.14 69.98 0.000278 24.63067 99 2.1 15 39 19.5 

 50 1538.7 11728.22 13.11964 0.65 0.000314 41.88 553.14 69.98 0.000263 26.03813 113 2.3 18 40 19.3 

 75 1883.7 14264.05 13.20593 0.65 0.000314 39.32 553.14 67.81 0.000209 31.668 130 2.6 25 19 19 

 100 1888.3 16799.88 11.23996 0.65 0.000314 35.90 553.14 64.79 0.00017 37.29787 160 2.8 28 29 18.3 

 

 

 

 

 

 



 

           

 

 

 

 

 

 

 

 

 

Appendix B  

Sample Calculations 

When the engine reaches a state of thermal stability. At each experiment, the 

engine parameters such as (speed, exhaust temperature, current, voltage......), 

and engine emissions (CO2, HC, NOx, O2) were read. Other data were 

calculated from the following equations : 

1- Brake Thermal Efficiency  (BTE) 

 

BTE = BP / IP…………….…… (1) 

 

 BP = I*V  

BP: Brake Power(KW),  I: Current electric (A) , V: The voltage (V) 

 

 IP  =  ̇          ( ̇       )    

IP : Input power (KW), LCV : Lower Calorific Value of fuel (MJ/kg) 

 

                           ρd= 830 

   )bio = 42.123              ρbio= 902.4  



 

           

  ̇ : Flow rate of fuel mass (kg/s),                    

  

 ̇    
 ̇    ̇  

 
               

 ̇   :  The initial weight of fuel (kg),  ̇   : The final weight of fuel (kg) 

t : The fuel consumption time =2 sec 

 

2-  Volumetric efficiency (Vol. eff) 

        
 ̇ 

 ̇ 
       ……………(3) 

 ̇   The flow of air (m
3
/s),  ̇         volume( m

3
/s ) , Vs= 553cm

3 

 ̇     
 

    
                                                                                                  

 ̇       √         …….. (4) 

Cd: coefficient of discharge=0.65, 

A = area of orifice =0.000314m
2
 (d=20mm),  g= 9.81m/s

2
   

The head pressure of air (ha) is calculated by ideal gas equation : 

Pa = ρa R Ta  

Pa: Atmospheric pressure =99.6 kN/m
2
 , Ta: Atmospheric  temperature  

=298.34 K , R: Gas constant =287 J/kg.K  , ρa  :Density of air  =1.16 

kg/m
3
  

ha = 
  

     
 * hw   

   : Density of water = 997 (kg/m3) , hw : The head pressure of water 

 

3- specified fuel consumption  (SFC) 

 

SFC =  ̇ …………… . (5) 

 

4- Air to fuel ratio (A/F) 

 

A/F = 
 ̇ 

 ̇ 
…………….(6)           ̇   ̇    ρf      



 

           

5- The amount of exhaust gas recirculation 

 ̇  =  
        

 √          
 √       ………(7) [80] 

Where : 

 ̇  : The flow of EGR (m
3
/s)        

A1 : The pipe area (m
2
) , D1 =14mm 

A2 : The orifice area (m
2
) , D2 =31,75mm 

hg≈ha  

Appendix C  

Uncertainty analysis 

To estimate errors in the experimental work, some calculations and estimations 

must be applied to the sensors, devices, and machines that were used to measure 

the experimental parameters. Also, the experiments conducted because they 

need to express the uncertainty as  

X
1
=Xi ux     (p%)   

Where X1, X, ux and p are true value ,tested value, uncertainty of the 

measurement and confidence respectively. To do this with confirmation, total 

uncertainty of each component or part of the experiment or procedure is 

determined. Total uncertainty is determined by error due to equipment (bias) 

and due to environment (accuracy). Wherever possible, uncertainty may be 

minimized. Post-processing uncertainties propagate to quantities that are 

nonlinear functions of measure or functions of multiple measurements with 

uncertainties based on the functional relationship. Both bias and accuracy errors 

are present in the experiment. Accuracy is measured while bias error is usually 

determined from the equipment vendor's specifications. The total error is the 



 

           

vector sum of these errors. It should be noted that the errors in estimating each 

error affect the value of the total error.  

Ux =(BX
2 +PX

2)1/2 

Where, Bx and PX are bias and accuracy errors respectively. 

    In case of several measurement of the same quantity like engine load , is 

estimated using statistical measures of spread. Several measurement of the same 

quantity are: X1, X2, X3, X4, X5,……. Xn. Average load of the dynamometer is 

calculated as  

Average = (X1,X2,X3,X4,X5,……,Xn)/n 

    Now, there are two ways to describe the scattering in these measurements. 

The mean deviation and the standard deviation . The mean deviation from the 

mean is the sum of the absolute values of the differences between each 

measurement and the mean, divided by the number of measurements:  

mean deviation  
√∑              

   
 

   
 

standard deviation  
√∑              

   
 

√ 
 

 Either the main deviation from the main, or the standard deviation from the 

main, gives a reasonable description of the scatter of data around its main value.  

For parameter that have been evaluated depending on two or more independent 

parameters, propagation of uncertainty is carried out using 

  

 
 √(

   

  
)
 

 (
   

  
)
 

   (
   

  
)
 

       

Where, Uy and y are uncertainty and the testing value of the evaluated 

parameter x1, x2,…...xn respectively.  



 

           

The uncertainty analysis performed in this appendix is based on the lines 

proposed by Klein and McClintock [93]. It should be noted that the uncertainty 

analysis presented here considers only the errors that relate to measurements 

made during testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

           

Appendix D 

 

Table (D.1)  Gas analyzer technical characteristics 

 

Measurement 

parameters 

Range Unit of 

measure 

Resolution 

CO2 0 ÷ 19.9 % vol. 0.1 

HC 0 ÷ 5000 ppm vol. 1 

O2 0 ÷ 21.4 % vol. 0.1 

NOx (optional) 0 ÷ 5000 ppm vol. 5 

oil temperature 5 ÷ 200 deg C 0.1 

Ambient 

temperature 

0 ÷ 45 deg C 0.1 

Ambient pressure 800 ÷ 1060 Mbar 1 

RPM 0 ÷ 9990 revol. 

/min. 

10 

Lambda* 0.5 – 1.50 -- 0.01 

 

 

 

 

 

 

 



 

           

Table (D.2) the gas analyzer's technical specifications 

Technical specifications                   Gas box Auto power 

       Dimensions                                     460*200*250mm 

Weight                                                   6.5kg 

 External power supply                         100-240V,50-60Hz 

  Temperature range                                       5ºC-40ºC 

 

 

 

Table (D.3) Specifications of the four gas exhaust analyzer 

Measurements         Measuring range            Dissolution 

       CO2                         0-20% vol.                       0.10% 

        HC                       0-10.000ppm                    1.0ppm 

         O2                         0-22% vol.                      0.010% 

        NOx                      0-5.000ppm                      1.0ppm 

 

 

 

 

 

 

 

 

 



 

           

Appendix E  

Photo (E.1) the properties of biodiesel 

 



 

           

 

 

 

 

 

 

 



 

           

Appendix F  

Effect of Exhaust Gas Recirculation on Diesel Engine 

Performance Fueled with WCO/Diesel Mixture 

 Noor Ali1, a and Duraid  F. Maki1, b  

1
Mechanical Engineering Department, College Of Engineering, University Of Babylon 

a)
nooratheer98@gmail.com 

b)
eng.duraid.f@uobabylon.edu.iq 

  Abstract. This study highlighted the influence of exhaust gas recirculation (EGR) on 

the performance of diesel engine when it's fueled by waste cooking oil (WCO)/diesel 

mixture. This idea has spread widely for many years to avoid the harm and damage of 

diesel emission and provided a new energy source whereas, diesel machine is a 

mechanical power generation in a lot life sectors, including agriculture, business, 

residential, and transportation, and has emphasized the importance of this concept. 

However, fuel costs are steadily rising and will continue to do so in the future, as well 

as the fact that it produces pollution when burned. All researchers agreed that the use 

of biodiesel leads to encouraging results based on progressive combustion process, 

shorter ignition delays, less carbon emitted, and increasing rate of heat release. On 

the other hand, high temperature and availability of oxygen in biodiesel chemical 

formula lead to an increase in nitrogen oxides. Therefore, this study referred to the 

use of EGR technology, which is an effective technique to reduce nitrogen oxides 

emissions when using a mixture of biodiesel fuel with diesel in different proportions. 

EGR controls NOx production because it reduces the oxygen concentration and the 

cylinder temperature. The performance parameters such as SFC, BTE and EXT are 

tested. Also, Emissions such as NOX, CO2 and HC are measured. The use of EGR causes 

marginal decrease in CO2 emissions depending on the load and the rate of the EGR. It 

was observed that oxygen decreases with increasing engine load and when EGR is 

raised. WCO has a lower heating value caused an increase in SFC but the brake 

thermal efficiency of the engine is not significantly affected. The BTE with WCO 

biodiesel was obtained less than that of diesel when the same EGR was applied. Also, 

the SFC increase is less with biodiesel than with diesel fuel. Thus, EGR has less 

negative impact on engine performance in the case of WCO biodiesel  
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Appendix G 

The Novel of Transforming Waste into Wealth 

     (W2W): Processing Waste Cooking Oil and 

Converting to Co-Friendly  Fuel 

¹Noor Ali and ²Duraid F. Maki 

Mechanical Engineering Department, College Of Engineering ,University Of Babylon 

 

  ABSTRACT 

The aim of this review is to highlight the use of an alternative fuel to diesel. This idea has 

been widely circulated for many years. The widespread use of fossil fuels in mechanical 

power generation in a range of sectors, including agriculture, business, residential, and 

transportation, has emphasized the importance of this concept, as well as the fact that fuel 

costs have been rising steadily and will continue into the future. Also, the fact that pure diesel 

produces pollution gases when burned. All vegetable oils are clean, renewable, and 

sustainable energy sources. It has the potential to be used as an alternative fuel, particularly in 

internal combustion engines. The various processes for biodiesel production are described in 

this review, including transesterification, microemulsification, radio frequency (RF), mixing, 

and pyrolysis. The process of transesterification is the most widespread due to its low cost 

and is carried out with simple equipment and materials. The feedstock price determines the 

price of biodiesel production. Inedible crop oil, waste oil and microalgae oil were 

investigated. Because it contains a high percentage of free fatty acids. Inedible crop oil and 

waste cooking oil (WCO) are preferred for biodiesel production. 

 

Keywords: Biodiesel, Production, Review, Methods, Feed stock.                                                                                                                               

                                                                                                                                        

1. Introduction 

Diesel fuel prices have risen dramatically in recent years, and it will eventually run out. As a 

result, finding a different technique to manufacture a diesel substitute is a difficult issue for 

world. Biodiesel is known as "a diesel fuel alternative or additive generated from the oils and 

fats of plants and animals." The alcohol molar ratio, the reaction temperature, and the 

reaction time, the mixing intensity, and the catalyst concentration, among other things, are all 

factors to consider. All have a significant impact on the transesterification reaction. As a 

result, In this study, the components that will influence the biodiesel production reaction are 

briefly discussed [6]. Because it is renewable, nontoxic, and ecologically benign, biodiesel 

will meet future energy demands. Biodiesel is a long-chain fatty acid monoalkyl ester 

obtained from biological,  
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 خلاصخ

 اٌطٟٙ س٠ذ ِٓ اٌح١ٛٞ اٌذ٠شي ٚلٛد لَّٔزبط اٌزجبد١ٌخ الأطززح ع١ٍّخ اطزخذاَ رُ اٌذراطخ، ٘ذٖ فٟ

 4) ا١ٌّضٛوظ١ذ ِع اٌّظزخذَ  اٌطٟٙ س٠ذ ِٓ ٚاحذ ٌزز فٟ اٌضلاص١خ اٌذْ٘ٛ رفبعً ٟٚ٘ ع١ٍّخ. اٌّظزخذَ 

 عٕذ اٌزغزثخ أعز٠ذ(. ا١ٌّضبٔٛي وحٛي ِٓ ًِ 140 فٟ اٌّذاة ١٘ذرٚوظ١ذ اٌصٛد٠َٛ ِحفش ِٓ غُ

 اٌذ٠شي لإٔزبط ِخزٍفخ ٔظت عٍٝ ٌٍحصٛي ِئ٠ٛخ، درعخ( 64 ،62 ،60 ،58) ِخزٍفخ حزارح درعبد

 عٕذ ٟ٘ اٌّٛاد ع١ّع ٌخٍظ اٌّضٍٝ اٌحزارح درعخ فإْ ٚثذٌه. ثبٌززبثع(% 92 ،94 ،90 ،86) اٌح١ٛٞ

 ِع % 94 ثٕظجخ ح١ٛٞ ٚلٛد عٍٝ ٌٍحصٛي طبعخ 24 ٌّذح اٌخ١ٍظ رزنِئ٠ٛخ .رُ  درعخ 62 حزارح درعخ

 .عٍظز٠ٓ% 6

 ٌلاخزجبراد الأِز٠ى١خ اٌّعب١٠ز ثبطزخذاَ اٌح١ٛٞ اٌذ٠شي ٚلٛد خصبئص فحص ثعذ إٌزبئظ أظٙزد  

 حزار٠خ ل١ّخٚ إٌمٟ، اٌذ٠شي ٌشٚعخ ِٓ رمز٠جبً ِزاد ثضلاس أوجز اٌح١ٛٞ اٌذ٠شي ٚلٛد ٌشٚعخ أْ  ٚاٌّٛاد

 اٌذ٠شي ٚلٛد ٠ٚحزٛٞ.  إٌمٟ ٌٍذ٠شي ٚثبٌٕظجخ اٌح١ٛٞ اٌذ٠شي ٚلٛد ِٓ. ٪ 0.08 رجٍغ ألً ٚوضبفخ أعٍٝ

 صبٟٔ ٠عزجز. ٌٍج١ئخ صذ٠مبً ٠غعٍٗ ِّب ،%96 ثٕظجخ إٌمٟ اٌذ٠شي ِٓ ألً وجز٠ذ ٔظجخ عٍٝ إٌبرظ اٌح١ٛٞ

 . الإٔظبْ صحخ عٍٝ خطزاً  رشىً اٌزٟ اٌظبِخ اٌغبساد ِٓ إٌمٟ اٌذ٠شي احززاق عٓ إٌبرظ اٌىجز٠ذ أوظ١ذ

 أحّبي رحذ اٌذل١مخ فٟ دٚرح 1500 ثظزعخ الأططٛأخ أحبدٞ د٠شي ِحزن رشغ١ً ثعذ

 خ١ٍظ اطزخذاَ رُ. اٌح١ٛٞ ٚاٌذ٠شي اٌذ٠شي ٚخلائظ ِزغ١زح ضغظ ٚثٕظت(٪ 0,25,50,75,100)ِخزٍفخ

% د٠شي ح١ٛٞ 10  -% د٠شي 100% د٠شي ح١ٛٞ 0ٚ) ثٕظت اٌذ٠شي ِع اٌح١ٛٞ اٌذ٠شي ٚلٛد ِٓ

 عٕذ أٔٗ ٚعذ د٠شي ( . %70% د٠شي ح١ٛٞ 30ٚ  -% د٠شي 80% د٠شي ح١ٛٞ 20ٚ  -% د٠شي 90ٚ

 ثبٌذ٠شي ِمبرٔخ% 15.5 ثٕظجخ ٌٍفزاًِ اٌحزار٠خ اٌىفبءح أخفبض % ِٓ اٌذ٠شي اٌح١ٛٞ ادٜ ا20ٌٝ

 ثٕظجخ إٌٛعٟ اٌٛلٛد اطزٙلان ساد اٌظزٚف، ٔفض ٚفٟ. 15.5 اٌضغظ ٚٔظجخ اٌعب١ٌخ الأحّبي عٕذ إٌمٟ

 س٠بدح ِمبثً(% 48ٚ 23) ثٕظجخ( ٚا١ٌٙذرٚوزثٛٔبد اٌىزثْٛ أوظ١ذ صبٟٔ) أجعبصبد أخفبضِع  .  15%

 خصبئص رعطٟ لأٔٙب خٍظ، ٔظجخ أفضً %20 اٌخٍظ ٔظجخ رعزجز%(. 40) ثٕظجخ ا١ٌٕززٚع١ٓ أوبط١ذ

 % .30 ٚ %10 ثـ ِمبرٔخ إٌمٟ اٌذ٠شي إٌٝ ألزة اٌّحزن

 إحذٜ اٌحزارٞ، الَّحزجبص ظب٘زح عٍٝ طٍجٟ رأص١ز ٌٙب اٌزٟ ا١ٌٕززٚع١ٓ، أوبط١ذ أجعبصبد رعذ        

 غبس رذ٠ٚز إعبدح رم١ٕخ إضبفخ رّذ ٌٚذٌه،. اٌح١ٛٞ اٌذ٠شي ٚلٛد اطزخذاَ عٕذ ٔٛاعٙٙب اٌزٟ اٌّشىلاد

 خ١ٍظ ٔظجخ عٕذ أٔٗ إٌزبئظ أظٙزد .غبس اٌعبدَ  ِٓ% 10 ٚ% 5 اعبدٖ  رُ اٌذراطخ ٘ذٖ فٟ  . اٌعبدَ

 ثٕظجخاٌّىجح١ٗ ٚأخفبض فٟ اطزٙلان اٌٛلٛد س٠بدٖ فٟ اٌىفبئٗ اٌحزار٠ٗ  ،15.5 ضغظ ٚٔظجخ % 20

 إٌٝ 60) ثٕظجخ ا١ٌٕززٚع١ٓ أوبط١ذ أخفبض إٌزبئظ ٚأظٙزدِع س٠بدٖ ٔظجٗ غبساٌعبدَ اٌزاعع . 25%

% 15 ثٕظجخ الأوظغ١ٓ و١ّخ ٚأخفبض% 30 ثٕظجخ اٌعبدَ غبس حزارح درعخ أخفبض ٔز١غخ(% 78

(% 20 إٌٝ 11)ٚ %(20 إٌٝ 12) ثٕظجخ ا١ٌٙذرٚوزث١ٔٛخ ٚالَّٔجعبصبد. اٌىزثْٛ أوظ١ذ صبٟٔ س٠بدح ِمبثً

 فٟ أخفبض ِع ،اٌزاعع  ٔظجخ رغ١١ز عٕذ ِزمبرثخ وفبئٗ اٌفزاًِ اٌحزار٠خ ل١ُ رىْٛ. اٌزٛاٌٟ عٍٝ

 .(%18) ثٕظجخ اطزٙلان اٌٛلٛد



 

           

 ا١ٌٕززٚع١ٓ أوبط١ذ أجعبس أخفبض ٌش٠بدح% 5 ِٓ أفضًغبس اٌعبدَ  ِٓ% 10 أْ صجذ ٚلذ           

 ث١ٓ ٚا١ٌٙذرٚوزثٛٔبد اٌىزثْٛ أوظ١ذ صبٟٔ أجعبصبد فٟ طف١ف اخزلافاطزٙلان اٌٛلٛد ِع   ٚأخفبض

 .اٌعبدَ غبس رذ٠ٚز إعبدح ِٓ% %ٚ5 10

 أظٙزد ح١ش ،(16.5 ،15.5 ،14.5) ِزاد صلاسالَّٔضغبط  ٔظجخ رغ١١ز رُ اٌعًّ ٘ذا فٟ           

 س٠بدح ِٚع. اٌزٛاٌٟ عٍٝ ،(٪25 ،14) ثٕظجخ ٚاطزٙلان اٌٛلٛد اٌىفبئٗ اٌحزار٠ٗ اٌّىجح١ٗ فٟ س٠بدح إٌزبئظ

 ث١ٓ ِزمبرثز١ٓ اٌٛلٛد إٌٝ اٌٙٛاء ٚٔظجخ اٌحغ١ّخ اٌىفبءح ل١ّخ وبٔذ ،16.5 إٌٝ 15.5 ِٓ الَّٔضغبط  ٔظجخ

 .إٌظجز١ٓ

 ِحزن رشغ١ً عٕذ ٌٍّحزن ٚأجعبصبد أداء أفضً رحمك اٌزٟ ٌٍّحزن حزارح درعخ افضً رحم١ك رُ     

 أ٠ضًب اٌّٛافمخ رّذ. ِٓ غبس اٌعبدَ اٌزاعع  %10 رطج١ك ِع % ِٓ اٌذ٠شي اٌح20ٞٛ١ ثٛلٛد اٌذ٠شي

 92 افضً درعٗ حزارٖ غبس اٌعبدَ وبٔذ. 3/4 حًّ عٕذ ِضب١ٌخ رح٠ٍٛخ ٕ٘بن ،أضغبط ٔظجخ ٌىً أٔٗ عٍٝ

 130 ٚ ،15.5ٔظجٗ الَّٔضغبط  عٕذِب ِئ٠ٛخ درعخ  98.7 ،14.5ٔظجٗ الَّٔضغبط   عٕذِب ِئ٠ٛخ درعخ

 .اٌزٛاٌٟ عٍٝ ،16.5 ٔظجٗ الَّٔضغبط عٕذِب ِئ٠ٛخ درعخ

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

           

 

                                                   

 

 جًهـــــىرٌت انعـــــــراق        

 وزارة انخعهٍى انعانً وانبحذ انعهًً 

 جــــــايعــــت بابـــــــــم        

 كهٍــــــــــــــت انهنــــــذســــــــــــت   

                                                                           قســـى انهنــذســـت انًٍكانٍكٍــــت   
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