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ABSTRACT 
 

Biodiesel produced from Jatropha methyl ester was blended with diesel in a 20% volume 

ratio. Carbon multiwall nanotubes and alumina nanoparticles were added to Jatropha 

Biodiesel in proportions of 25 ppm and 50 ppm using a mechanical agitator and a magnetic 

stirrer, respectively. The characterization of nanoparticles is done with XRD and TEM to 

determine their size. The physiochemical properties of the fuel blends, like the flashpoint, 

calorific value, and cetane number, are increased due to the addition of nanoparticles. 

 

In the present study, a total of six samples of carbon multiwall nanotube and alumina 

nanoparticle biodiesel-diesel blends (JBD20AL25, JBD20AL50, JBD20AL25C25, 

JBD20C25, JBD20C50, and JBD20AL50C50) were prepared. Combustion, performance, 

and emission characteristics were measured on a single-cylinder DI diesel engine at 0, 3, 

6, 9 and 12 kg load and the results were compared with the diesel fuel and JBD20 blend.  

 

Combustion analysis has been tested for various parameters, viz. ignition delay, peak 

pressure, net heat release rate, mass fraction burned, rate of pressure rise and mean gas 

temperature in relation to crank angle for single-cylinder DI Diesel engine. Also, the 

performance and emission analysis have been examined for various parameters, viz. brake 

specific fuel consumption, brake thermal efficiency, smoke opacity, HC, CO, and NOx for 

the same test fuel blends and load conditions. 

 

Droplet combustion and ignition analysis parameters like ignition delay time and activation 

energy are evaluated at elevated temperature in the electric furnace at atmospheric 

pressure. It has been seen that with the addition of energetic nanoparticles, reduced ignition 

delay period, improved premixed combustion and catalytic effects are observed.  

 

 

For the engine test, the blend JBD20AL50C50, in comparison with the D-100, peak 

pressure decreased to 1.07%, net heat release rate increased to 10.24%, mass fraction 

burned decreased to 5.38%, the rate of pressure rise increased to 7.50% and mean gas 

temperature decreased by 1.59% at full load condition. For the same fuel blend, a minimum 

ignition delay was observed, which was 15.210 CA before TDC was at full load.  
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From the droplet ignition analysis in the furnace at atmospheric pressure, the ignition delay 

decreased by 6.02% at a temperature of 7000C and the activation energy increased by 

0.53% for the JBD20AL50C50 blend in comparison with D-100. 

 

The addition of nanoparticles showed a reduction in ignition delay period, an improved net 

heat release rate and better combustion characteristics. For the full load condition, brake 

thermal efficiency is increased for the JBD20AL50C50 blend by 7.37% and 0.67% in 

comparison to the JBD20 and D100 blends, respectively. For JBD20 to JBD20AL50C50, 

the most significant reduction in NOx was observed, which was reduced from 651 ppm to 

479 ppm and CO emission from 0.11% to 0.08% by volume, respectively. 

 

Results infer that JBD20AL50C50 has the highest brake thermal efficiency and the lowest 

emission parameters like CO, HC, and NOx among all the test fuel blends. 
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CHAPTER-1 

 

1 Introduction 

 

1.1 Introduction 

Under the National bio Fuel policy-2018, India aims to reduce its dependency on oil 

imports by enhancing domestic production and motivating the use of Biofuel and renewable 

energy resources. In India, the production and sales of all types of vehicles are growing 

very rapidly. In FY 2019, more than 30 million vehicles were manufactured as per the 

Society of Indian Automobile Manufacturers data with an increase of 6.26% in comparison 

to previous FY 2018 [1]. Table 1.1 shows the automobile vehicle production trends in India. 

As a result, the use of diesel, petrol, and other fossil fuels is steadily increasing. Concerns 

over fuel import dependency, along with environmental pollution concerns, have prompted 

the development of sustainable fuels that are both environmentally beneficial and 

economically competitive with fossil fuels. Reduce greenhouse gas (GHG) emissions from 

mass transportation while also exploring alternatives to ensure the nation's energy security. 

Natural gas, propane, alcohol, and electricity are all being studied as alternatives to gasoline 

and diesel. Biodiesel, a renewable fuel, can be used as an alternative to traditional fossil 

fuels. [2].  

 

Internal combustion engines are a vital element of our lives since they help in a variety of 

areas, including transportation, power generation, building, and agriculture. However, two 

significant concerns with IC engines that must be addressed are the availability of 

petroleum-based fuels and toxic exhaust pollutants. IC engines have been regarded as the 

primary source of air pollution in recent decades. As a result, experts have looked at a 



Introduction 

2 
 

variety of solutions to solve this problem, the most important of which is the use of 

alternative fuels. The use of alternative fuels in the transportation sector can concurrently 

address both challenges of energy availability and air pollution [2]. 

 

Transportation accounted for 13% of total energy sector emissions, with road transport 

accounting for 90% of total emissions, followed by civil aviation at 6%, railroads at 3%, 

and domestic water-borne navigation at 1%. Carbon dioxide emissions accounted for 2,231 

million tonnes (78.59 %) of India's total GHG emissions in 2016, while methane emissions 

accounted for 409 million tonnes CO2 (14.43 %) and NOx emissions accounted for 145 

million tonnes (5.12 %). Between 2005 and 2016, the emission intensity of India's gross 

domestic product (GDP) lowered by 24% [3]. In comparison to 2005 levels, India is on 

track to meet its voluntary goals of reducing GDP emission intensity by 20-25 percent by 

2020. India is pursuing one of the world's most ambitious renewable energy expansion 

plans, aiming to reach 175 GW of renewable energy capacity by 2022 and 450 GW by 2030 

[3].  

Table 1.1 Automobile Production Trends [1] 

Category 2015-16 2016-17 2017-18 2018-19 2019-20 

Passenger Cars 25,65,970 27,11,911 27,46,658 27,11,160 21,75,242 

Utility Vehicles 7,17,809 9,09,555 10,93,346 10,99,780 11,24,973 

Vans 1,81,266 1,80,204 1,80,263 2,17,531 1,33,798 

Total Passenger 

Vehicles 

34,65,045 38,01,670 40,20,267 40,28,471 34,34,013 

M&HCVs 3,41,287 3,42,761 3,44,592 4,44,356 2,33,979 

LCVs 4,45,405 4,67,492 5,50,856 6,68,049 5,18,043 

Total Commercial 

Vehicles 

7,86,692 8,10,253 8,95,448 11,12,405 7,52,022 

Three Wheelers 9,34,104 7,83,721 10,22,181 12,68,833 11,33,858 

Scooters 52,76,138 59,26,499 71,17,795 70,95,164 60,27,198 

Motorcycles 1,28,16,203 1,30,88,208 1,51,67,481 1,64,99,424 1,43,59,418 

Mopeds 7,37,886 9,19,032 8,69,562 9,05,189 6,49,678 

Total Two Wheelers 1,88,30,227 1,99,33,739 2,31,54,838 2,44,99,777 2,10,36,294 

Quadricycle*  531 1,584 1,713 5,388 6,095 

Grand Total 2,40,16,599 2,53,30,967 
 

2,90,94,447 3,09,14,874 2,63,62,282 

* Only Oct-March 2016 data is available  
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Biodiesel is a biodegradable, renewable fuel produced from vegetable oils, animal fats, or 

restaurant waste oil. Biodiesel meets the Renewable Fuel Standard's biomass-based diesel 

and total advanced biofuel requirements. Vegetable oils have become more attractive 

recently because of their environmental benefits and the fact that they are made from 

renewable resources. Vegetable oils are a renewable and potentially inexhaustible source 

of energy [4]. Renewable energy generation has doubled between 2014-15 and 2018-19, 

whereas non-renewable energy generation has increased by 19% within the same period. 

The "must-run" position of renewable energy generation has aggressively pushed this [3]. 

 

India is a developing country, renewable energy plays a critical role not only in terms of 

economics but also in terms of climate change. Many industrialized and developing 

countries throughout the world have begun to prioritize significantly increasing the share 

of renewable energy in their economies' overall energy mix. The most important 

component in preserving the world and planet earth for future generations is the 

development of sustainable energy sources. India has been a global leader in this area, 

demonstrating to emerging countries how to achieve socioeconomic prosperity without 

destroying the environment. Sustainable energy development plays a significant role in 

India's power generation, energy consumption, and reduction of fossil fuel and low-carbon 

usage. By 2022, India aims to generate 175 gigawatts (GW) of power from renewable 

sources, with a target of increasing non-fossil fuel generation capacity to 40% by 2030. 

While India's contribution to global warming from a historical and per capita emission 

perspective is very low, Prime Minister said during the 74th session of the United Nations 

General Assembly (UNGA) in New York that India is one of the leading nations when it 

comes to taking steps to address the issue [5]. The Government of India proposed a new 

National Policy on Biofuels in 2018, to achieve a 20% ethanol blend in gasoline and a 5% 

biodiesel blend by 2030. This includes a new Ethanol Blending Program that broadens the 

scope of second-generation ethanol purchases to include an oversupply of food grains like 

maize as well as fruit and vegetable wastes [6]. 

 

India is one of the world's fastest-growing economies, with a focus on financial 

development, equity, and social well-being. At the same time, India is one of the world's 

largest producers of ozone-depleting substances (ODS), with the automotive sector 

accounting for 13% of the country's CO2 emissions. The most common biofuels are first-

generation biofuels, which are made from food crops and animal fats. Biodiesel, vegetable 
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oil, and biogas are some examples. When compared to their first-generation predecessors, 

second-generation biofuels are manufactured from waste biomass, making them a more 

sustainable option. Among these are different alcohols (such as ethanol) and wood-derived 

diesel. Third-generation biofuels are often derived from algae that are grown in large 

quantities.  

Table 1.2 Classification of biofuels according to the feedstock, production processes and products [2] 

Classification Feedstock’s Production Products 

First-generation biofuels Sugar crops 

Starch crops 

Vegetable oils 

Transesterification 

Fermentation 

Hydrogenation 

Fischer-Tropsch 

Gasification 

Pyrolysis 

Hydrolysis 

Bioethanol 

Biodiesel 

Methanol 

Butanol 

Mixed alcohols 

Jet fuels 

Vegetable oil 

 

Second-generation 

biofuels 

Agricultural residues 

Forest residues 

Sawmill residues 

Wood waste 

Municipal solid waste 

Third-generation biofuels Algae 

The carbohydrates taken from these microbes are used to make various fuels through 

photosynthesis and the breakdown of carbon dioxide. Table 1.2 shows the classification of 

biofuels according to the feedstock, production processes and products.  

1.1 Biodiesel feedstock 

A total of 350 oil-bearing crops have been identified as possible biodiesel sources. Only 

palm, jatropha, rapeseed, soybean, sunflower, cottonseed, safflower, and peanut oils are 

recognized as suitable for commercial production out of these 350. Edible and non-edible 

feedstocks are the two broad categories [7]. 

Table 1.3 Major achievements of biodiesel [4] 

Economic & social impact Environment impact Energy security 

Sustainability; made from 

agricultural or waste resources 

Reduced 78% GHG emissions Reduced dependence 

on fossil fuels 

Fuel diversity & improved fuel 

efficiency & economy 

Reduced air pollution Domestic targets and 

Supply reliability 
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Improved rural economy and 

Increased income tax & trade 

balances 

Biodegradability Readily available and 

Renewability 

International competitiveness 

and Increased investments in 

feedstocks & equipment 

Improved land & water use Domestic distribution 

Technological developments (R 

& D) and Higher Cetane number 

(52 vs. 48), lubricity & 

flashpoint 

Carbon sequestration Improved fuel economy 

Knowledge development & 

diffusion 

Lower sulfur content Comparable energy 

content (92.19%) 

Strong growth in demand, 

Comparable start-up, torque 

range & market formation 

Lower aromatic content Strict quality 

requirements are met 

Improved engine performance, 

Reduces the need for 

maintenance & prolongs engine 

life 

Lesser toxicity Viscosity 1.3 to 1.6 

times that of Diesel 

Compatible with all 

conventional diesel engines, 

offers the same engine durability 

& performance and has the 

potential of displacing 

petroleum diesel fuel  

Safer handling & storage Good energy balance 

(3.24:1 vs. 0.88:1) 

Edible feedstock 

Edible oil is a lipid-derived from plants, animals, or microbes that is liquid at room 

temperature and acceptable for food. Olive oil, palm oil, soybean oil, canola oil, pumpkin 

seed oil, corn oil, sunflower oil, peanut oil, grape seed oil, sesame oil, and rice bran oil are 

just a few of the many edible vegetable oils available. Cooking can also be done using a 

variety of other vegetable oils. Different edible oils are used as feedstocks for producing 

biodiesel by different countries, depending on availability. In Malaysia and Indonesia, palm 

oil and coconut oil are widely used. Soybean oil is widely utilized in America [7]. 



Introduction 

6 
 

Table 1.4 Major oil species for biodiesel production [7] 

Group  Source of oil 

Major oils 

 

Coconut (copra), corn (maize), cottonseed, canola (a variety of rapeseed), 

olive, peanut (groundnut), safflower, sesame, soybean, and sunflower. 

Nut oils Almond, cashew, hazelnut, macadamia, pecan, pistachio and walnut. 

Other edible 

oils 

 

Amaranth, apricot, argan, artichoke, avocado, babassu, bay laurel, beechnut, 

ben, Borneo tallow nut, carob pod (algaroba), cohune, coriander seed, false 

flax, grape seed, hemp, kapok seed, lemon seed, macauba fruit (Acrocomia 

sclerocarpa), meadowfoam seed, mustard, okra seed (hibiscus seed), perilla 

seed, pequi, pine nut, poppy seed, prune kernel, quinoa, ramtil (Guizotia 

abyssinica seed or Niger pea), rice bran, tallow, tea (camellia), thistle 

(Silybum marianum seed), and wheat germ 

Non-edible oils Algae, babassu tree, copaiba, jatropha or ratanjyote, jojoba, Karanja or 

honge, mahua, milk bush, nagchampa, neem, petroleum nut, rubber seed tree, 

silk cotton tree, and tall. 

Other oils Castor, radish, and tung 

Non-edible feedstock 

Non-edible oils are typically used as the primary source of biodiesel production to prevent 

a conflict between food and fuel. Non-edible oils are also less expensive and easier to obtain 

than edible oils. Non-edible oil sources include Jatropha curcas (ratanjyote), Pongamia 

pinnata (karanja or honge), Calophyllum inophyllum (nagchampa), Hevca brasiliensis 

(rubber seed tree), Azadirachta indica (neem), Madhuca indica and Madhuca longifolia 

(mahua), Ceiba pentandra (silk cotton tree), Simmondsia chinensis (jojoba), Euphorbia 

tirucalli, Babassu tree, Microalgae, etc. There are about 75 plant-based sources with more 

than 29% oil in their seed/kernel; Palm, Jatropha curcas, and Pongamia pinnata (Karanja) 

are the most promising for biodiesel production. Palm and Jatropha are the most suitable 

sources in terms of physical properties among the available sources, and they also improve 

oxidation stability and cold performance. Table 1.3 lists the significant milestones of global 

biodiesel production, which is quickly expanding due to its potential for replacing petro-

diesel [7]. Table 1.4 lists the major oils utilized in biodiesel production. 

Table 1.5 Oil yields for major edible oil and non-edible sources [8] 

Source of oil  Edible or Non-edible  Oil yield (kg oil/ha) Oil yield (wt.%) 

Soybean Edible  375 20 
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Palm Edible  5000 20 

Rapeseed Edible  1000 37-50 

Jatropha Non-edible 1590 35–40 (Seed), 50–60 (kernel) 

Rubber seed Non-edible 80-120 40-50 

Castor Non-edible 1188 53 

Karanj Non-edible 225–2250 30–40 

The use of biofuel has been encouraged in India for sustainable development, which 

indirectly improves the economy. Skill India, Make in India, and the Swachh Bharat 

Abhiyan have all been supported by the government. It also lays forth a plan for job 

creation, farmer income, and reduced fuel imports [2]. Oil yields for major edible and non-

edible oils are shown in Table 1.5. The development of biodiesel in India is presented in 

Table 1.6 as per the national policy.  

1.2 Droplet combustion and ignition  

In Diesel Engine fuel is injected as a spray, it breaks up into large ligaments that are 

surrounded by smaller fuel droplets. The oxidation process begins with the formation of an 

envelope of vapor and air.  

 

The evaporation process transfers latent heat from the heated air to the smaller fuel droplets. 

When the fuel droplet reaches the autoignition temperature and the air-fuel ratio is within 

the combustible range, ignition begins. The ignition delay time is the amount of time it 

takes for fuel droplets to self-ignite. For a better understanding of the governing mechanism 

of complicated heterogeneous combustion processes, many detailed theoretical and 

experimental investigations using a droplet combustion model under ideal conditions were 

carried out. For multicomponent fuels with two-phase flow and phase transition, it has a 

complex physic-chemical phenomenon [8]. Burning rate and convective flame parameters 

are the most significant parameters to analyze while investigating the burning properties of 

liquid fuels. Fuel is atomized in small droplets and the burning rate is calculated by treating 

them as spherical geometries. The fuel droplet is completely defined with the ignition and 

extinction study [9]. For the analysis of spray characteristics, researchers examined single 

fuel droplet combustion, which involves heat and mass transfer, phase change, and 

chemical reaction [10].  The droplet combustion model can be used to investigate complex 

processes such as rapid air swirl mixing and variations in droplet sizes that occur during 
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combustion processes in diesel engines [11]. It also provides essential information on the 

production of deposits in the burning of vegetable oils [12]. Heat, mass, and momentum 

transfer are studied in the gasification of a droplet with vaporization to have a better 

understanding of spray [12]. The physical and chemical characteristics of multicomponent 

droplets made up of two or more types of dissimilar liquids include volatility, boiling point, 

and latent heat of vaporization, specific heat capacity, and thermal conductivity. In 

addition, phase equilibrium and the inclusion of additional particles may have an impact 

on combustion parameters such as combustion rate, flame structure, and soot generation. 

Furthermore, the multicomponent influences the heating temperature as well as the 

instantaneous heating time. [13]. 

1.3 Nanoparticle and it's needs for the blending with the biodiesel 

The generation of NOx (nitrogen oxides) emissions during high temperature burning is 

susceptible to global environmental damage due to the higher oxygen content in biodiesel. 

To achieve some specific fuel qualities, a fuel reformulation process has been used, which 

involves adding some fuel additives. 

 

The following properties were achieved as a result of its addition: (i) reduced harmful 

emissions, (ii) improved ignition, (iii) improved flash point, etc. According to previous 

studies, adding nanoparticles to a diesel–biodiesel blend boosted ignition characteristics and 

flashpoint significantly. Some nanoparticles possess more oxygen molecules, which can 

help to promote combustion [14]. Fuel properties such as Cetane number and oxygen 

concentration are improved using nanometal catalysts. According to research, adding 

nanosize particles acts as a liquid fuel catalyst, which improves the engine's ignition and 

combustion process. Furthermore, if the catalyst is nanoscale in size, there are a large 

number of active surfaces, which improves reaction efficiency, enhance dispersion rate, and 

prevents clogging in the fuel injectors. There are many active surfaces which in turn 

ameliorate the reaction efficiency enhances the dispersion rate and avoid clogging in the fuel 

injectors [15]. Nanoscience describes several recent technological advancements that have 

changed the properties of fuels to improve performance and reduce hazardous emissions. It 

has recently become the most widely used approach for reducing emissions, as compared to 

other methods such as exhaust gas treatment and engine modification [16]. Physical qualities 

like the surface area to volume ratio, thermal conductivity, and mass diffusivity are 

improved when nanoparticles are used. It also has an impact on qualities such as flash point, 
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fire point, and kinematic viscosity, among others. Many researchers acknowledge the fuel 

adulteration approach for achieving specified fuel properties to improve the performance 

and achieve good emission control of a diesel engine without modifying the existing engine 

and while maintaining the engine's typical operational characteristics. The effectiveness of 

particulate filters should not be harmed by additives [17].  
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Table 1.6 Development of biodiesel in India [18] 

Date Action 

April, 2003  From 2003 to 2007, the Ministry of Rural Development was designated as the nodal ministry for 400,000 hectares of Jatropha cultivation. This 

phase also included nursery development, seed procurement and establishment centers, the installation of a trans-esterification plant, and 

biodiesel mixing and marketing. 

October, 2005 With effect from January 2006, the MoPNG announced a biodiesel purchasing strategy under which OMC will acquire biodiesel from 20 

procurement centers across the country to combine with high-speed diesel. The purchase price per liter has been set at INR 26.5. 

CY, 2008 2008–2012: In the five-year plan 2008–12, the goal was to produce enough biodiesel for 20% blending by the end of 2011. However, the lack 

of large-scale plantations, traditional low-yielding Jatropha varieties, seed collection and extraction infrastructure, buy-back arrangements, and 

capacity and confidence-building measures among farmers hampered the phase's progress. 

CY, 2010 Jatropha cultivation covered an estimated 0.5 million hectares, with two-thirds of the plant population being new plantations that took two to 

three years to mature. 

CY, 2011 Except for a few captive plants managed by Oil marketing companies, no new wastelands have been placed under Jatropha cultivation. 

CY, 2012 Because no biodiesel from Jatropha seeds has been procured by oil marketing businesses for blending in the last three to four years, the 

production of biodiesel from Jatropha seeds has remained commercially insignificant. 

CY, 2013 The average price of biodiesel in India was around INR 45–48 per liter (including freight) and seemed viable for blending since regular diesel 

was selling at a price premium of 18–20% over biodiesel. Industry sources claimed that small to medium-scale industries were the major buyers 

of biodiesel who blended it with conventional diesel.  

CY, 2014 The industry's involvement with tree-borne oilseeds (neem, pongamia, mahua, and kusum) as a biodiesel alternative to Jatropha was highlighted, 

as seed yields from Jatropha plantations (on trial size) were found to be much lower than stated.  The Government of India (GOI) deregulated 

diesel pricing in October 2014, bringing them in line with gasoline rates. The retail price would be determined by market forces, and the 
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government of India would no longer be obligated to reimburse OMCs for selling diesel at below-market pricing. This initiative was intended 

to encourage companies in India to produce biodiesel. 

CY, 2015 OMCs issued the country's first biodiesel tender in early August, looking for 850 million liters of biodiesel from local producers between 

August 2015 and March 2016. The policy was intended to aid local price discovery ahead of a proposed biodiesel 20 percent blend in 2017. A 

20% ethanol blend was proposed, but it seemed doubtful because the existing 5% blend had not been attained. 

CY, 2016 On January 21, 2016, a tender was issued for the procurement of 16 million liters of biodiesel (B100) from indigenous manufacturers who met 

the IS 15607:2005 specification for supply between February and March 2016. Until then, only a few large users, such as road transport 

businesses, state transportation organizations, and railway depots, have used biodiesel to convey products and people. According to media 

sources, OMCs purchased 13.2 million liters of B100 between June and September 2016, with another 40 million liters planned for September. 

March, 2017 The Cabinet Committee on Economic Affairs approved the closure/winding up of CREDA HPCL Biofuel Ltd (CHBL) and Indian Oil – 

Chhattisgarh Renewable Energy Development Agency (CREDA) Biofuels Limited (ICBL) due to various constraints such as very low seed 

yield, limited availability of wasteland, high plantation maintenance cost, and so on. As a result, the project became unviable and Jatropha 

plantation activities were discontinued. According to sources in the media, on March 18, 2017, OMCs issued a tender for the acquisition of 

about 267.3 million gallons of biodiesel (B100) for the months of April through October 2017. Biodiesel development in India is still in its 

early stages, and oil marketers are being struck hard by a new 6% excise levy on biodiesel, as well as a plethora of other taxes, which they 

claim will make mandatory biodiesel blending unviable. For ten years, biodiesel was duty-free. The mandate's implementation has been 

postponed until at least May 1 from the original April 1 deadline; nonetheless, biodiesel is cheaper than fossil diesel without the excise duty, 

but it may be more expensive with the duty. The price of biodiesel is determined by the Malaysian palm oil board's fixed pricing. 
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FIGURE 1.1 : Schematic sketch of micro-explosion phenomenon nanoparticles blends of fuel 

Nanoscale energetic materials provide great advantages over micron-sized materials, 

following recent advancements in nanoscience and nanotechnology. Many studies 

observed nanofluid applications, preparation, and obstacles, as well as the nanofluid 

barriers [17]. Nanoparticles are classified as follows: i) Metal-based Nanoparticles, such as 

aluminum, iron, boron, silver, gold, copper, zinc, platinum and ferric chloride; ii) Metal 

oxide Nanoparticles, such as CeO2, Al2O3, TiO2, MnO, CuO, ZnO,AgO etc.; iii) Magnetic 

Nanoparticles, such as Fe3O4; iv) Carbon nanotube, such as single-walled and multi-walled 

CNT [17]. 

 

The combustion behavior observed as a result of nanoparticle addition differs from 

conventional combustion. Nanoparticles increase the surface area to volume ratio and the 

effective surfaces of the fuel droplet. [19]. As a result, there is better air-fuel mixing, 

allowing for more fuel surface area to react with oxygen molecules. As demonstrated in 

FIGURE 1.1, fuel droplets undergo micro-explosion and secondary atomization during the 

combustion process [20]. 

 

Blending biodiesels with nanoparticles is one of the possible methods for mitigating the 

problem of poor biodiesel characteristics. It will improve liquid fuel combustion properties 

while also lowering emissions.  

1.4 Thesis Outline 

This introductory chapter is one of five in the present thesis. The current chapter presents 

the research context, biodiesel feedstock, droplet combustion and ignition, and nano fuel 

and its requirement with biodiesel blending. 
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Chapter 2 provides a detailed review of the literature on feedstock selection and the effect 

of nanoparticles on biodiesel properties. It also includes an overview of the literature on 

droplet combustion and ignition. A review of the research on the performance of 

nanoparticles biodiesel fuel blends and diesel blends in CI engines. At the end of the 

chapter, a summary of the literature, the outcomes of a literature review, the research gap, 

and the study's objectives are also included. 

 

Chapter 3 focuses on the materials and methodology used. It covers the development of 

biodiesels with nanoparticles added to jatropha biodiesel, biodiesel compositions, sample 

preparation for characterization, and XRD and TEM testing for the developed fuel blends. 

It describes the sample preparation, droplet combustion experiment set up with the 

procedure, engine test rig, as well as engine test procedure for engine experiments.  

 

Chapter 4 examines the various outcomes of various experiments and data analysis. It 

illustrates the progression of droplet combustion as well as the ignition behavior of various 

fuel blends. It also analyzes the combustion, performance, and emission characteristics of 

nanoparticles added to biodiesel and diesel mixes in a CI engine to diesel fuel data. 

 

Chapter 5 summarises the findings of experiments and outcomes based on objectives. It 

also presents the future scope of the study. 
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CHAPTER-2 

 

2 Literature Review 

 
2.1 Introduction 

Dr. Rudolf Diesel invented the diesel engine, which could also run on a variety of fuels 

such as coal dust suspended in water, mineral oil, and vegetable oils. At first, Dr. Diesel 

tried to run the engine on 100 percent peanut oil, but it didn't work. He characterized the 

use of vegetable oils for engine fuel in 1911 as being as essential as petroleum and coal tar 

products today. In 1912, Diesel remarked, "The use of vegetable oils for engine fuels may 

appear insignificant today, but such oils may become as vital as petroleum and coal tar 

products in the future" [21]. 

 

The need for a sustainable diesel fuel alternative is pushing the growing interest in 

biodiesel. Several processing technologies are available due to the diverse feedstocks and 

conditions. The catalyst, as well as the source, kind, and quality of feedstock, influence the 

technology chosen. The dominant factor in the production process is the cost of feedstock 

while capital costs contribute only about 7%. It is therefore essential to utilize cheap 

feedstock to reduce the overall production costs. In the same regard, some technologies are 

designed to handle a variety of feedstocks. Others include postproduction steps such as 

product separation and purification [7]. 

 

Biodiesel is made from inexpensive and widely available raw materials such as leftover 

cooking oil and yellow fat. The nitrogen-fixing Pongamia pinnata is another oil crop used 

to improve soil quality [7]. Several oil-bearing crops have been employed as raw materials 

for biodiesel manufacturing in various countries due to their availability. Soybean oil is 
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frequently used in the United States, and rapeseed oil is largely used in numerous European 

nations for biodiesel manufacturing, though coconut oil and palm oil are widely used in 

Malaysia and Indonesia. In India and Southeast Asia, the Jatropha tree (Jatropha curcas), 

Karanja (Pongamia pinnata), and Mahua (M. indica) are all important fuel sources [22]. 

 

Biodiesel blends are commonly marked as Bx, where B stands for biodiesel and x stands 

for the amount of biodiesel in a 100 percent blend by volumes, such as B2, B5, B10, B20, 

and B100. B2 is made up of 2% biodiesel and 98% petroleum diesel, B5 is made up of 5% 

biodiesel and 95% petroleum diesel, and B10 is made up of 10% biodiesel and 90% 

petroleum diesel. B20 is made up of 20% biodiesel, while B100 is made up of 100% 

biodiesel. A biodiesel fuel blend of 20% by volume in diesel can be used without engine 

modifications. 

 

For the development of the sustainable fuel blend with biodiesel, many studies have found 

that using biodiesel raises NOx levels and reduces brake thermal efficiency. So blending 

would be done with the nanoparticles to give one of the best solutions for commercial usage 

in the engine. There are many studies available for the use of biodiesel-diesel fuel blending. 

There is a very rare study and various kinds of literature are available for the combustion, 

performance, and emission studies for the diesel-jatropha biodiesel with nanoparticle fuel 

blends on CI engines. Also, a very rare study is available on the droplet combustion and 

ignition behavior of diesel-jatropha biodiesel with nanoparticle fuel blends. 

 

In this chapter, some of the main concepts and relevant background of biodiesel, feedstock 

selection and biodiesel production, nanoparticles selection, and its addition with biodiesels 

are discussed. Also, experimental studies of the droplet combustion and ignition for the 

liquid fuel are discussed. And, the experimental studies of performance, combustion, and 

emission characteristics of diesel- jatropha biodiesel with nanoparticles fuel blends on CI 

engines are discussed. The literature review is divided into four categories 1) Feedstock 

selection, biodiesel production, 2) Nanoparticles selection, and its preparation as fuel 

blends, 3) Droplet combustion and ignition of fuel blends, 4) Performance study of fuel 

blends prepared with the nanoparticles, biodiesel-diesel blends on CI engines. 

2.2 Feedstock selection, biodiesel production 

There are around 350 feedstocks are present for biodiesel production, the selection of 
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feedstock plays an important role in justifying cost, availability, and performance criteria. 

 

A. K. Agarwal [21] reviewed, the most important variables affecting the yield of biodiesel 

from transesterification are reaction temperature, the molar ratio of alcohol and oil, catalyst, 

reaction time, presence of moisture and free fatty acids. The viscosity of vegetable oil is 

drastically reduced after esterification. The BD20 blend increased the cetane number while 

decreasing the calorific value in comparison to diesel fuel. The use of biofuels as IC engine 

fuels reduced the peak thermal efficiency by 2.5%, reduced emission and smoke, and brake 

specific energy consumption. The start of combustion occurred earlier, but the combustion 

duration was longer for the BD20 blend. The wear of various engine parts was reduced by 

30% and ash content due to wear debris was reduced by 20%. 

 

Y. C. Sharma et al. [23] reported that more carbon dioxide is absorbed by biodiesel-

producing plants than is released into the atmosphere when the fuel is burned. By 

stoichiometry, the theoretical molar ratio of alcohol and oil is 3:1, although, for biodiesel 

production, an excess molar ratio has been used. Changes in feedstock composition, the use 

of cetane improvers, the delaying of injection timing, exhaust gas recirculation, and other 

methods are a few options for lowering NOx levels. The molar ratio of alcohol to oil is 3:1, 

but excess molar ratios have been employed for biodiesel production to get a higher yield 

in less time. The temperature is between 318 K and 338 K since methanol's boiling point is 

337.7 K and heating above this temperature will cause it to burn. The negative link between 

biodiesel's oxidation stability and its low-temperature qualities is a major disadvantage of 

biodiesel. The molar ratio used in acid esterification varies from 6:1 to 18:1; for alkaline 

transesterification from 5:1 to 12:1.  

 

S. Basha et al. [24] presented that base catalysts and enzymes are more efficient than acid 

catalysts or enzymes as a catalyst. The power output of the engine was found to be 

comparable to that of diesel fuel. Biodiesel has been found to have similar combustion 

characteristics as diesel, having shorter ignition delays, higher ignition temperatures, higher 

ignition pressure, and higher peak heat release in blends. Only a few oil-bearing crops, such 

as sunflower, rapeseed, palm, and jatropha, are suitable biodiesel crops. 

 

A. Pal and S. S. Kachhwaha [25], reported on Thumba (Citrullus colocyntis), a non-edible 

oil, used as a biofuel feedstock. The ultrasonic process produces a higher yield percentage 
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than other methods of making biodiesel. The ultrasonic process produces a higher yield 

percentage than other procedures. Biodiesel production utilizing ultrasonic energy looks to 

be a very simple, efficient, time-saving, ecologically benign, and industrially viable 

technique. 

 

A. Demirbas [22] reviewed that direct usage and mixing, micro-emulsification, pyrolysis, 

and transesterification are some of the ways for the production of biodiesel from vegetable 

oil that have been documented. Transesterification is a well-known and generally used 

procedure. The transesterification technique aims to lessen the oil's viscosity. The 

biodegradability of biodiesel has been proposed as an answer for the waste trouble. The 

oxygen content of it improves its combustion efficiency due to growth within the 

homogeneity of oxygen during combustion. 

 

N. Nabi et al. [26] found that cottonseed oil, BD10 and BD30 blend reduced PM, smoke, 

and CO emissions but growing NOx emission. In comparison to the neat diesel, BD10 

reduced PM and smoke emissions by 24% and 14%, respectively. BD30 reduced CO 

emissions by 24%, even as there was a 10% rise in the NOx emission. 

 

A. Murugesan et al. [27] concluded that triglycerides hold promise as alternative fuels for 

diesel engines. From the engine point of view, the quality of biodiesel is the most important 

factor, and various standards have been specified to check the quality. The reaction 

intermediates and products of the transesterification reaction are examined. The B20 

biodiesel blend with diesel is found to be the most appropriate blend. The biodiesel obtained 

from non-edible oil is cheaper than that from edible oils. 

 

N.N.A.N. Yusuf et al. [28] reviewed biofuels including bioethanol, bio-methanol, biodiesel 

and biohydrogen. The various methods for the production of biodiesel from vegetable oil 

vary from direct use and blending to microemulsion and pyrolysis. Biodiesel is much less 

polluting than petroleum diesel. However, nitrogen oxide emissions from biodiesel are 

approximately 10% higher. Blending biodiesel into petroleum diesel can help reduce 

emissions. Biodiesel fuels have not been widely accepted in the market because they are 

more expensive. 

 

L. C. Meher et al. [29] reported on non-edible oils such as Pongamia pinnata, Jatropha 
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curcas and Simarouba glauca. Alkaline transesterification is a promising method to reduce 

the high FFA of these oils. And, heterogeneous catalysts can be very useful to reduce the 

high FFA from non-edible oils. 

 

A. K. Agarwal et al. [30] experimented at 300, 500, 750, and 1000 bar injection pressures, 

the influence of 10%, 20%, and 50% Karanja biodiesel blends on injection rate, 

atomization, and other properties was examined in a single cylinder research engine. The 

injection pressure affects the injection rate profile and the Sauter mean diameter of the fuel 

droplets. For biodiesel blends and mineral diesel, maximum thermal efficiency was 

observed at the same injection timing. Less than 20% of Karanja biodiesel blends showed 

lower brake specific hydrocarbon (BSHC) and carbon monoxide (BSCO) emissions (30–

40%) when compared to mineral diesel. In comparison to mineral diesel, lower biodiesel 

blends resulted in reduced CO and HC emissions. The thermal efficiency of test fuels was 

generally enhanced by increasing fuel injection pressures. For all injection pressures, NOx 

emissions from KOME20 and KOME10 were higher than mineral diesel. Without any 

significant hardware or ECU recalibration, a 10% biodiesel blend can be used to improve 

thermal efficiency and reduce emissions. 

 

Z. H. Huang et al. [34] reported that at low speeds, the highest heat release was close to 

TDC. The maximum pressure rise rate and heat release rate were increased with the 

increment in methanol for the fuel blend and advanced angle for all the loads. With high 

methanol concentration at high load, maximum pressure rise rate and heat release rate 

trends showed an increment compared to low speed. The higher amount of oxygen lowers 

the peak pressure, although the reduction is insensitive to the quantity of oxygen used 

within the 6–11%. 

 

India's Planning Commission has set an ambitious goal of planting 11.2 to 13.4 million 

hectares of jatropha by the end of the 11th Five Year Plan (2011–12). The GOI's ambitious 

intention to produce enough biodiesel by 2011–12 to achieve its mandate of 20% blending 

with diesel was, however, unrealistic. This is owing to a shortage of sufficient feedstock 

(jatropha seeds) and drought-tolerant cultivars with high yields [31].  

 

C. W. Yu et al. [64] studied performance and combustion analysis as well as emissions for 

both waste cooking oil and diesel. For the waste cooking oil, a shorter ignition delay and a 
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less intense premixed combustion phase were observed compared to diesel. On average, 

peak pressures were 1.5 bars higher and occurred 1.1°–3.8° earlier than for diesel. 

 

D. H. Qi et al. [65] investigated a diesel engine by using soybean biodiesel and diesel fuel 

blends. At lower loads, biodiesel had somewhat greater peak cylinder pressure, peak rate 

of pressure rise, and peak heat release rate. Peak cylinder pressures for both fuels are nearly 

identical at greater loads, however, the peak rate of pressure rise and peak heat release rate 

for biodiesel were lower. The crank angles at which the peak values occur are in advance 

for biodiesel. Because of a lower ignition delay and accelerated injection time, biodiesel 

combustion starts earlier at all loads. 

 

E. Ozturk [66] tested on a diesel engine fuelled with blends of diesel fuel and a mixture of 

canola oil–hazelnut soapstock biodiesels. The short injection delay led to the advanced 

ignition delay with the biodiesel addition. With the addition of biodiesel, the advanced 

ignition delay and reduced heating value resulted in a drop in the maximum heat release 

rate and an increase in the combustion duration. The temperature of the exhaust gas 

increased as the combustion duration increased, and hence the volumetric efficiency 

dropped. 

 



Literature Review 

20 
 

Table 2.1: Common fatty acids found in various oil feedstocks for biodiesel production [13], [14] 

Cxx:y Common name Formal Name Chemical 

Formula 

Saturated/ 

Unsaturated 

Carbon 

Atoms 

Molecular 

weight 

Number of 

Double 

bonds 

8:0 Caprylic Octanoic C8H16O2 Saturated 8 144.21 0 
10:0 Capric Decanoic C10H20O2 Saturated 10 172.27 0 
12:0 Lauric Dodecanoic C12H24O2 Saturated 12 200.32 0 
14:0 Myristic Tetradecanoic C14H28O2 Saturated 14 228.37 0 
16:0 Palmitic Hexadecanoic C16H32O2 Saturated 16 256.42 0 
18:0 Stearic Octadecanoic C18H36O2 Saturated 18 284.48 0 
16:1 Palmitoleic cis-9 hexadecenoic C16H30O2 Mono-unsaturated 16 254.41 1 
18:1 Oleic cis-9 octadecenoic C18H34O2 Mono-unsaturated 18 282.47 1 

18:2 Linoleic cis-9, cis-12 octadecadienoic C18H32O2 Di-unsaturated 18 280.45 2 
18:3 Linolenic cis-9, cis-12, cis-15 

octadecatrienoic 
C18H30O2 Polyunsaturated 18 278.43 3 

20:0 Arachidic Eicosanoic C20H40O2 Saturated 20 312.54 0 
20:1 Gondoic cis-11 Eicosenoic C20H38O2 Mono-unsaturated 20 310.52 1 
22:0 Behenic Docosanoic C22H44O2 Saturated 22 340.59 0 
22:1 Erucic cis-13 docosenoic C22H42O2 Mono-unsaturated 22 338.58 1 
24:0 Lignoceric Tetracosanoic C24H48O2 Saturated 24 368.63 0 
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Table 2.2: Fatty acid composition in of some vegetable oils with Cetane number [15] 

Vegetable 
oil 

Ceta
ne 

Num
ber 

Fatty acid composition % 

14
:0

 

16
:0

 

16
:1

 

18
:0

 

18
:1

 

18
:2

 

18
:3

 

20
:0

 

20
:1

 

22
:0

 

24
:0

 

Mahuaa 
56.6

1 
1.0 17.8 - 14.0 46.3 17.9 - 3.0 - - - 

Tamanub 57.3 - 17.9 2.5 18.5 42.7 13.7 2.1 - - - 2.6 

Neemb 
57.8

3 
- 14.9 - 14.4 61.9 7.5 - 1.3 - - - 

Moringab 
56.6

6 
- 9.1 2.1 2.7 79.4 0.7 0.2 5.8 - - - 

Karanjaa 
55.8

4 
- 10.6 - 6.8 49.4 19.0 - 4.1 2.4 5.3 2.4 

Jatrophaa 
52.3

1 
1.4 15.6 - 9.7 40.8 32.1 - 0.4 - - - 

a: oil from seed, b: oil from kernel 

V. Perumal and M. Ilangkumaran,[67] analyzed the biodiesel derived from Pongamia oil 

for the performance, combustion and emission testing with a different blend ratio of B20, 

B40, B60, B80 and B100. A negative value of heat release was noted in the initial stage of 

combustion because the initiation of vaporization is taking place at the time of the ignition 

delay, but the value becomes positive after combustion was started.  There was a delay in 

the start of combustion because of the ignition delay caused by the Pongamia Methyl Ester. 

The B20 blend gave a high heat release and the higher blend ratios gave less heat release 

due to slow heat release and lower maximum pressure.  

 

Table 2.1 represents the common fatty acids found in various oil feedstocks for biodiesel 

production and Table 2.2 fatty acid composition in of some vegetable oils with cetane 

number. 

2.3 Nanoparticles selection and its preparation as fuel blends 

Many researchers identify the fuel adulteration approach as the best means for producing 

specific fuel properties to improve the performance and emission of a diesel engine. Many 

critical studies on nanofluid uses, preparation, and obstacles also identified nanofluid 



Literature Review 

22 
 

barriers as research gaps for future study. Recent advancements in nanoscience and 

nanotechnology have enabled the development of nanoscale energetic materials that have 

significant benefits over micron-sized materials [17]. In, Table 2.3, the properties of 

nanoparticles biodiesel fuel blends from the previous studies conducted are compared. 

 

T. Shaafi et al. [17] presented a comprehensive analysis of nanoparticle addition for engine 

fuel performance and emissions. NOx emissions are reduced when nanoadditives are used. 

Diesel emulsification is the most effective method of lowering peak temperature and NOx 

emissions. However, because it absorbs a significant amount of heat for evaporation, 

increasing the water content in the emulsion has an impact on performance. Because of the 

increased surface area contact, nano additives are particularly effective in achieving the 

same amount of micro-explosion with a lower concentration of water in the emulsion, 

which will be very valuable in increasing performance with reduced NOx emission. The 

amount of nanoparticles increases the performance up to a certain limit. 

 

M. Mehregan and M. Moghiman [17] quantitatively investigated the combustion and 

emission of ethanol and n-decane liquid fuels with the addition of aluminum nanoparticles. 

Aluminum nanoparticles have a lower flame temperature than base fuel. Furthermore, when 

compared to pure fuel blends, the presence of aluminum nanoparticles in ethanol and 

ethanol fuels helps to lower CO and NOx emissions.  

 

S. Senthilraja et al. [32] reviewed that in automobiles, microelectronics, nuclear power 

production, and power generation, nanofluids could be employed as coolants, fuel 

additives, lubricants, shock absorbers, and refrigerants. In commercial fossil fuel 

combustion, the use of a nanoparticle catalyst could improve efficiency and minimize 

emissions.  
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Table 2.3: Comparison of properties nanoparticles biodiesel fuel blends 
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Author Fuel bled 
Type of 

biodiesel 
Nanoparticle 

Viscosity 

at 400C 

(cSt) 

Density at 

150C 

(kg/m3) 

Flashp

oint 

(0C) 

Fire 

point 

(0C) 

Cetane 

number 

CV(MJ/

kg) 

T shaafi et al 
[33] 

Diesel --- --- 2.61 825 --- --- 57 44.70 
Soya BD --- --- 4.78 865 --- --- 49 41.20 

BD20 --- --- 3.70 847 --- --- 42 43 
D80SBD15E4S1 --- --- 3.37 840 --- --- 52 42.59 

G R Kannan et 
al [34] 

Diesel --- --- 2.41 828.2 49 55 56 42.11 
Biodiesel WCO-Palm --- 4.56 866 170 190 66 38.034 

BD + 5µmol FBC WCO-Palm FeCl3 4.55 865.8 170 190 67.4 38.10 
BD+10µmol FBC WCO-Palm FeCl3 4.52 865.4 168 187 67.9 38.14 
BD+15µmol FBC WCO-Palm FeCl3 4.52 865.2 167 186 68.1 38.21 
BD+20µmol FBC WCO-Palm FeCl3 4.51 864.6 167 185 68.68 38.30 
BD+25µmol FBC WCO-Palm FeCl3 4.54 864.6 167 185 68.9 38.32 
BD+30µmol FBC WCO-Palm FeCl3 4.55 864.8 167 185 68.93 38.30 
BD+35µmol FBC WCO-Palm FeCl3 4.56 865.2 166 184 68.2 38.28 
BD+40µmol FBC WCO-Palm FeCl3 4.56 865.4 165 184 69.4 38.36 
BD+45µmol FBC WCO-Palm FeCl3 4.57 865.4 165 183 69.3 38.40 
BD+50µmol FBC WCO-Palm FeCl3 4.57 865.4 165 183 69.6 38.43 

J Basha et al 
[15] 

JBD Jatropha --- 5.25 895 85 --- 53 38.88 
JBD25A Jatropha Alumina 5.31 896 84 --- 54 39.22 
JBD50A Jatropha Alumina 5.35 897 82 --- 56 39.53 

JBD25CNT Jatropha CNT 5.29 895.5 83 --- 55 39.5 
JBD50CNT Jatropha CNT 5.33 897.9 81 --- 57 39.78 

JBD25A25CNT Jatropha Alumina and CNT 5.36 895.2 81 --- 57 39.99 
J Basha et al 

[19] 
JME Jatropha --- 5.05 895 85 --- 53 38.88 

JME2S5W Jatropha --- 5.40 899.8 140 --- 51 37.05 
JME2S5W25CNT Jatropha CNT 5.43 897.2 130 --- 54 37.28 
JME2S5W50CNT Jatropha CNT 5.76 897.8 125 --- 55 37.35 
JME2S5W100CNT Jatropha CNT 5.91 899.4 122 --- 56 37.85 

Diesel --- --- 2.1 830 50 --- 46 42.3 
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J Basha et al 
[20] 

D2S5W --- --- 3.32 847.6 56 --- 44 40.5 
D2S5W25CNT --- CNT 3.38 848.2 55 --- 46 40.7 
D2S5W50CNT --- CNT 3.42 848.9 54 --- 47 40.9 

C.S.Aalam et 
al[35] 

Diesel --- --- 3 815 56 --- 47 42 
Mahua Methyl Ester 

(MME) 
Mahua --- 4.9 869 136 --- 56 39.95 

MME20 Mahua --- 3.4 826 76 --- 49 41.62 
MME+ANP50 Mahua Alumina 3.37 827.5 71 --- 49.5 41.665 

MME+ANP100 Mahua Alumina 3.33 829 76 --- 51 41.69 
C.S.Aalam et 

al [36] 
Diesel --- --- --- 815 58 --- 47 42.00 

D+25CMNT --- CMNT --- 819 61 --- 48.4 42.426 
D+50CMNT --- CMNT --- 823 65 --- 49.6 42.731 

V A M Selvan 
et al [37] 

Diesel --- --- 2 830 50 56 46 42.30 
Ethanol --- --- 1.1314 790 13.5 --- 6 25.18 

Castor oil Castor oil --- 245 965 230 242 48 39.5 
D70 C10 E20 --- --- 2.35 827.5 11 14 44.6 39.0 

C.S.Aalam et 
al[38] 

Diesel --- --- 2.54 833 50 --- 52 --- 
ZJME25 Zizipus jujube --- 3.56 846 56 --- 55 --- 

25 ppm AONP– ZJME25 Zizipus jujube Alumina 3.39 849 57 --- 57 --- 
50 ppm AONP– ZJME25 Zizipus jujube Alumina 3.17 853 58 --- 58 --- 

V A M Selvan 
et al [39] 

Diesel --- --- 2 830 50 56 46 42.30 
Biodiesel Castor oil --- 5.98 893 88 106 55.4 38.71 
Ethanol --- --- 1.1314 790 13.5 - 6 25.18 

E20-Diesterol 
(D:BD:E;70:10:20) 

Castor oil --- 2.35 827 11 14 45.25 40.10 

V. Dhana Raju 
et al [40] 

Diesel --- --- 3.05 830 56 --- 43 42.5 
TSME Tamarind oil --- 3.86 843 74 --- 48 41.7 

TSME ANP30 --- Alumina  3.88 845.3 75 --- 51 41.75 
TSME ANP60 --- Alumina 3.89 846.4 77 --- 53 41.76 
TSME ANP90 --- Alumina 3.91 847.9 79 --- 56 41.77 
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M. Vijay Kumar et al. [22] reviewed many different types of additives are applied in 

biodiesel to meet the specification standards and to improve the quality of biodiesel. 

Additives can be considered for improving combustion, fuel economy and reduction of 

emissions. Metal based additives, cetane number additives, antioxidant additives, and 

oxygenated additives are some of the most commonly used additives. The reviews find that 

adding additives to 2nd generation biodiesel improves combustion performance and 

reduces emissions the most. 

 

M. Elahi et al. [41] investigated a CI engine running on diesel-biodiesel blends due to the 

dispersion of different nanoparticles in liquid fuel, increasing performance and lowering 

emissions. Due to enhanced calorific value, catalytic oxidation enhancement, and complete 

combustion of the blended fuel, the inclusion of metallic additions and oxygenated 

additives results in reduced BSFC. Because of improved ignition characteristics, higher 

oxygen content, and lower aromatic compounds in biodiesel fuel and nanoparticle 

additives, exhaust emissions such as unburned hydrocarbons (UBHC), carbon monoxide 

(CO), and particulate matter (PM) decreased with the inclusion of metallic and oxygenated 

additives in diesel-biodiesel blends, resulting in incomplete combustion. 

 

M. Srinivasa Rao and R. B. Anand [42] reviewed injection pressure, injection timing, and 

compression ratio as they all have a significant impact on the performance, combustion, 

and emission characteristics of compression ignition engines. Thermal barrier coatings and 

exhaust gas recirculation systems are two possible methods for increasing the CI engine's 

performance. 

2.4 Droplet combustion and ignition of fuel blends 

The theory of fuel droplet vaporization and combustion has been extensively developed. 

Droplets of varied sizes and velocities are fed into the combustion chamber at various 

moments. The model chosen for the single droplet/combustion analysis has a considerable 

impact on the prediction of crucial properties such as spray geometry and ignition position 

[43]. Multicomponent droplet combustion is a difficult area of study to research. This 

droplet is made up of two or more different liquids. Physical and chemical characteristics 

such as volatility, boiling point, latent heat of vaporization, specific heat capacity, and 

thermal conductivity define different liquid fuels. During combustion and evaporation, 

multicomponent droplets generated by phase equilibrium and droplet coating by gas-phase 
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fuel components change the combustion characteristics of a multicomponent droplet (e.g., 

combustion rate, flame structure, and soot formation) [13]. Nanotechnology and 

nanoscience proved better for the development of engine fuel characteristics that offered 

high surface area, less burning time, shorten delay, and complete combustion. An extensive 

study of the combustion of nano and micro-sized aluminum particles was conducted to 

examine the burning of fuel droplets with varying particle sizes, base fluid types, and 

surfactant concentrations. Random Brownian motion dominated particle collision and 

aggregation in nanoparticles, but surface regression, droplet expansion, and internal 

circulation dominated in microparticles. Nanofluids have demonstrated considerable 

improvements in thermal conductivity, high reactivity, quick ignition, and energy release, 

as well as an increase in the volumetric energy density of the fuel, which are the most 

critical properties of fuel for combustion [44]. 

 

Y. Gan and L. Qiao [44] recognized that combustion of nanoparticles added fuel occurred 

in five stages; i) Preheating and ignition stage, ii) Classical droplet combustion stage, iii) 

Micro explosion stage, first explained by C K law [32], iv) Surfactants flame stage, v) 

Nanoparticle droplet flame stage. 

 

B. Abramzon and W. A. Sirignano [43] investigated droplet vaporization for spray 

combustion analysis for the heating and droplet vaporization history. The mathematical 

model resulted in good confirmation with the heating model for a wide range of droplet 

sizes and Reynold number for convective heat transfer.  

 

P. Prakash et al. [45] analyzed a porous sphere for the mass burning characteristics of 

biodiesel blends. In this study, multimode burning characteristics were observed for the 

KME and JME fuel blends. Diesel dominated, Diesel–biodiesel combined dominated and 

biodiesel dominated fuel blends were investigated for different burning modes. 

 

C. K. Law [46] studied the variation in the diameter of the droplet with time and found that 

the square of the droplet diameter varied with time. Two processes are mainly observed: 

droplet heating, which mostly influences the initial droplet regression rate, and fuel vapor 

accumulation, which affects the flame location. 

 

G. Brenn et al. [47] represented a mathematical model for multicomponent liquid droplet 
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acoustically levitated for evaporation using the UNIFAC method. The droplet surface and 

volume, temperature and composition with time were analyzed experimentally also. Only 

5% maximum deviation was evaluated between measured and calculated values. 

 

C. Morin et al. [48] experimented with the vaporization of rapeseed and sunflower oil 

methyl ester droplets suspended on fiber at elevated temperatures 473 K and 1020 K at 

atmospheric pressure, analyzing the images with real-time image analysis. The results 

confirmed that the droplet diameter square was reduced with time for the droplet 

vaporization. 

 

G. Xu et al. [49] studied the burning characteristics of a fuel droplet in a hot air chamber at 

1173 K with light cycle oil and a combination of light cycle oil with diesel light oil. The 

tests were conducted in an atmospheric hot-air chamber preset at 1173 K, and the examined 

LCO had a lower cetane number but higher volatility and aromatic content compared to 

LO. Results showed the conformity with the d2 law, the regression speed of droplet surface 

area with burning time.  

 

S. Parag and V. Raghavan [9] reported on the burning rates of ethanol and its blends with 

porous spheres for the different sphere sizes and airstream velocity. For the tested fuel, as 

the air velocity and size of the sphere increased, the burning also increased. For the fuel 

blend with water, the burning rate, as well as flame luminosity, decreased, but for the 

ethanol blend, the burning rate wasn’t affected significantly, whereas flame luminosity 

increased and transition velocity decreased.  

 

For the aluminum and alumina (Al2O3) nanoparticles evaporation, H. Tyagi et al. [50] 

experimented on a hot plate with the use of different types of particle size and their amount 

with diesel fuel. Fuel droplets were dropped on a hot plate at a temperature of 6880-7680C. 

The ignition probability for the nanoparticle blended fuel is higher than for diesel fuel. 

Nanoparticle blended fuel ignited at a much lower temperature because the heat and mass 

transfer occurred quickly as compared to pure diesel. 

 

Z. Al Hamamre and D. Trimis [51] studied the oxidation behavior of various air-fuel 

mixtures with the use CHEMIKIN tool, numerically at elevated temperatures of 5000 C to 

6800 C. Experiments showed that four oxidization regimes were observed for the diesel 
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fuel based on air inlet temperature and air-fuel ratio. 

 

Y. Gan and L. Qiao [52] experimented on the base fluid as ethanol and n-decane with the 

addition of aluminum nanoparticles for the evaporation characteristics for natural and 

forced convection. The results showed the D2-law deviation phenomenon is prominently 

observed at a higher concentration of nanoparticles and higher boiling points of the base 

fluid.  

 

J. Barman [53] et al. concluded that biodiesel takes longer to ignite than diesel fuel and has 

a higher ignition delay compared to diesel. As the amount of diesel increased in the fuel 

blends, the ignition delay was found to decrease. The value of activation energy rises in 

proportion to the amount of diesel in the blend. 

 

J. Wang et al. [10] studied important parameters like droplet combustion, flame spread 

velocity and droplet spacing for the Jatropha biodiesel fuel. The effects of normalized 

droplets spacing (2.7–4.9) on flame spread were also studied. Results showed that the 

combustion of jatropha oil droplet contains three stages: initial expansion stage, quasi-

steady combustion stage and micro-explosive combustion stage. When the normalized 

droplet spacing reaches 4.9, the second droplet cannot ignite and reached the flame spread 

limit. 

 

E. L. Dreizin [54] studied the ignition and combustion model for reactive nanomaterials. 

The reaction rates, energies, and rate-limiting mechanisms for the development of adequate 

flame propagation models were recorded.  

 

K. Han et al. [55] experimented on the evaporation characteristics of biodiesel-ABE 

(acetone-butanol-ethanol) blended droplets. Four stages were recorded, namely: liquid 

bundle puffing, child droplet ejection, bubble rupture, and micro-explosion stages. The 

micro-explosion intensity is determined by the ABE content and the thickness of the oil 

membrane. Also, the increase in temperature enhances the micro-explosion intensity. 

 

M. Manjunath et al. [56] reported on the determination of vaporization rates for alternative 

fuel sources such as jatropha, Karanja, palm and coconut biodiesel and their diesel blends 

with the help of the suspended droplet technique in conjunction with optical measurement 
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of the droplet diameter. The heat and mass transfer factors are important in influencing the 

vaporization characteristics. 

 

T. Daho et al. [57] experimented on the evaporation parameters of cottonseed oil and diesel 

in the temperature range of 684 to 917 K under atmospheric pressure with a fiber-suspended 

droplet evaporation technique. The quasi-steady model accurately predicts the constant of 

evaporation for cottonseed oil for temperatures ranging from 684 to 773 K, but at 

temperatures ranging between 773 to 917 K convection and the influence of the droplet's 

heating time must be taken into account. 

 

R. H. Chen et al. [58] tested an empirical correlation of non-dimensional resident time as a 

function of the normal Weber number alone. The resident time on the hot surface was found 

to be independent of the impinging angle and normal impinging velocity, and about 30% 

higher than the free oscillation prediction. The results may improve the understanding of 

fuel drop impact characteristics. 

 

M.S. Wu and S.I. Yang [13] investigated the chemical kinetics and combustion parameters 

of multicomponent kerosene/aqueous phase bio-oil droplets using the spark ignition 

method. Kerosene was mixed with 5% or 10% aqueous-phase or oily-phase bio-oil to ignite 

the droplets, and the same amount of energy was used to ignite them and study their 

combustion behaviors and rates. As a result, the activation energy increased during the 

combustion stage. 

 

S. Saharin et al. [59] observed the vaporization of an ethanol droplet to investigate the 

impact of the water on the d² curves in the temperature range of 350 to 850 K. Anhydrous 

ethanol and a mixture of 95 % ethanol and 5% water were the two forms of ethanol 

examined. The droplet is located at the intersection of a cross with a controlled initial 

diameter (300-550µm). The initial vaporization rate is varied from 0.018 to 0.100 mm2/s 

for both ethanol forms, whereas the final vaporization rate is varied from 0.004 to 0.050 

mm2/s. 

 

K. Saha et al. [60] reported that biodiesel is less volatile than diesel and increasing the 

proportion of biodiesel increases the vaporization time and final surface temperature of the 

droplets. Because of the low vapor pressure of biodiesel, droplets evaporate at a slower rate 
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than diesel droplets. Diffusion in the liquid phase appears to be the controlling factor for 

the vaporization of fuel blends. The vaporization time and the droplet's final surface 

temperature both increase as the diffusion coefficient increases. At an ambient temperature 

of 800 K and atmospheric pressure, larger amounts of diesel fuel droplets are more likely 

to undergo interior gasification. 

 

M. Renksizbul and M. Bussmann [61] shown that at intermediate Reynolds numbers, quasi-

steady applications of existing drag coefficient correlations, as well as Nusselt and 

Sherwood numbers, offer reliable estimates of heat, mass, and momentum transfer rates 

related to multicomponent droplet evaporation. The phenomenon of mass transfer in the 

liquid phase is extremely transitory. The mass diffusivity of heavy hydrocarbons can grow 

by an order of magnitude during the lifetime of the droplet. 

 

N. Hashimoto et al. [62] analyzed as the biodiesel mixing ratio is increased, the intensity 

of flame radiation and soot emission decreases. At a low adiabatic flame temperature, CO 

emissions from Jatropha oil are higher than those from Jatropha methyl ester and diesel 

fuel. The NOx emission does not change much as the fuel flow rate or viscosity changes, 

however, the airflow rate has a considerable impact on the NOx emission. 

 

N. Hashimoto et al. [63] conducted droplet evaporation experiments on palm methyl ester, 

diesel fuel, and n-hexadecane at atmospheric pressure to study the evaporation 

characteristics. For all fuel blends, the average evaporation coefficient increases as the 

ambient temperature increases. The droplet lifetime for palm methyl ester is longer than 

that for diesel fuel and n-hexadecane at the same ambient temperature. This is due to the 

boiling points of the components constituting palm methyl ester being higher than those of 

diesel fuel. 

 

M. R. Chow et al. [11] analyzed the burning characteristics of palm biodiesel blended with 

ethanol in the volume of 10%, 20% and 30% with the droplet technique. For the 30% added 

ethanol blend, two stages are observed: rapid bubble growth followed by bubble explosions 

in the heating stage. The addition of ethanol in palm biodiesel increased the ignition delay 

and burn rate by 38.6% and 23.2%, respectively, whereas the evaporation duration and 

burning period decreased by up to 20.6% and 22.5%, respectively.  
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E. Marlina et al. [64] studied on Droplet combustion behavior of crude palm oil with the 

carbon nanoparticles blends. Oil droplets ignited at the thermocouple junction are used to 

examine the burning phenomenon, and the evolution of the droplets is captured using a 

high-speed camera. The addition of carbon nanoparticles boosts the fuel's molecular 

density, according to the findings. Fuel molecules move more freely, making it easier for 

them to absorb heat and burn. Under normal pressure and at room temperature, experiments 

on the burning of crude palm oil fuels with and without carbon nanoparticles were 

conducted. Carbon nanoparticles shorten the distance between fuel molecules, making 

collisions more likely and the fuel flammable. 

2.5 Performance study of fuel blends prepared with the nanoparticles, 
biodiesel-diesel blends on CI engines 

Plenty of research articles have been published for the performance, emission, and 

combustion characteristics of biodiesel and diesel blends on CI engines. Very few research 

articles are available giving insight into nanoparticles added biodiesel and diesel blends 

usage in diesel engines. The effect of nanoparticles biodiesel fuel blends on Engine 

performance is summarised in Table 2.4. 

 

V. Arul Mozhi Selvan et al. [39] investigated the performance, combustion, and emission 

characteristics of the VCR engine using CNT and Cerium Oxide nanoparticles as additives 

in engine fuel with a diesel–castor biodiesel–ethanol blend. It has been found that brake 

thermal efficiency increased by 7.5% when compared with the E20 (D70B10E20) Diesterol 

blend. For E20 with Cerium Oxide 50 ppm and CNT 50 ppm fuel blend, CO emission 

increased 22.2%, but HC and smoke emission were reduced by 7.2% and 47.6% 

respectively in comparison with the E20 blend. 

 

T Shaafi and R Velraj [33] experimented on C I engine with two modified fuel blends, B20 

(Diesel soybean biodiesel) and D80SBD15E4S1 with alumina (diesel soybean biodiesel 

ethanol and alumina nano additives).The results obtained were compared to the neat diesel. 

Due to the increased surface area and volume ratio of the alumina nanoparticles added to 

the fuel blend, the ignition delay was reduced at higher loads, and the heat release rate and 

exhaust gas temperature were higher due to the high heat transfer coefficient of alumina. 

BSFC found 0.309kg/kWh for alumina biodiesel fuel blend, which was lower in 

comparison with neat diesel and biodiesel for alumina blended fuel at full load. The peak 
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pressure is 64.61 bar, 63.03 bar and 62.41 bar in the case of alumina fuel blend, neat diesel 

and B20, respectively. This is due to the higher oxygen content of biodiesel and a higher 

evaporation rate due to the micro explosion of nanoparticle droplet combustion. Among the 

tested blends, brake thermal efficiency was 17.9%, which was highest for the alumina 

biodiesel fuel blend. 

 

C. S. Aalam et al. [35] investigated on aluminum oxide nanoparticles added to Mahua 

biodiesel blend (MME20) in different proportions with surfactant for the performance 

analysis of diesel engine. Peak pressure raised for both fuels are recorded up to 7° after 

TDC, are 64.35 bar and 63.19 bar at full load for MME20 biodiesel with and without 

alumina, respectively. With the addition of aluminum oxide nanoparticles, there was a 

considerable reduction in fuel consumption compared to biodiesel operation and a minor 

increment in brake thermal efficiency was observed with the addition of nanoparticles to 

the biodiesel blend. The addition of nanoparticles promoted oxidation of HC and CO, which 

were reduced to 26.04% and 48%, respectively. 

 

A. Prabu [65] researched the use of 30 ppm alumina and cerium oxide nanoparticles in a 

diesel biodiesel fuel blend in a diesel engine. The brake thermal efficiency of the engine 

for the nanoparticles dispersed test fuel (B20A30C30) significantly improved by 12%, 

succeeded by a 30% reduction in NO emission, 60% reduction in carbon monoxide 

emission, 44% reduction in hydrocarbon emission and 38% reduction in smoke emission, 

compared to that of B100. 

 

A. C. Sajeevan and V Sajith [66] reported that when cerium oxide is used as an additive in 

the diesel fuel, it leads to a simultaneous reduction of 30% nitrogen oxide and 45% 

hydrocarbon emissions with a 5% increase in efficiency from the diesel engine. The 

reduction in the emissions is proportional to the dosing level of nanoparticles in diesel and 

an optimum dosing range of 35 ppm of catalytic nanoparticles was observed. 

 

J. Basha and R B Anand [20] investigated water-diesel emulsion and carbon nanotube fuel 

blends in 25 ppm and 50 ppm proportions. The results were compared with using neat diesel 

as an engine fuel. The results revealed a considerable enhancement in the brake thermal 

efficiency and a substantial reduction in harmful pollutants due to the incorporation of CNT 

in the water–diesel emulsion fuel. In comparison with the neat diesel and water–diesel 
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emulsion fuels, the brake thermal efficiency and brake specific fuel consumption of the 

CNT blended water–diesel emulsion fuels are improved. At full load, the BTE of 

D2S5W50CNT is 28%, compared to 25.7% for D2S5W and 25.1% for neat diesel. 

 

R. N. Mehta et al. [16], reported aluminum, iron and boron nanoparticle blends in diesel 

fuels showed reduced ignition delay, longer flame sustenance and agglomerate ignition. 

Improved combustion rates raise exhaust gas temperatures leading to increased brake 

thermal efficiency. Volumetric reduction of 25–40% in CO emission, 8% and 4% in 

hydrocarbon emission was measured when the engine was fueled with aluminum and iron 

nanoparticles blends instead of diesel. However, elevated temperatures resulted in a 

marginal rise, with aluminum and iron nanoparticles blends increasing by 5% and 3%, 

respectively, in NOx emission. 

 

M. A. Lenin et al. [67] studied clean combustion can be achieved by combining diesel fuel 

with nano metal oxides additions such as manganese oxide and copper oxide for the engine. 

Because manganese is not considered a pollutant, it can be widely utilized in diesel fuel 

doping. CO was lowered by 37%, while NOx was reduced by 4%, according to exhaust 

emission studies for the fuel with manganese added. Manganese has a greater impact in 

lowering diesel exhaust pollutants. 

 

H. S. Saraee et al. [68] investigated Silver nanoparticles as an additive with diesel. The 

inclusion of metallic nanoparticles showed improvement in heat transfer to the fuel and 

reduction in ignition delay by speeding up the burning process. The use of nanoparticles 

resulted in a 3% reduction in fuel consumption and a 6% increment in engine output. CO 

and NOx emissions could be reduced by up to 20.5 %. 

 

H. Kim et al. [69] reported, the use of biodiesel–diesel blend fuel reduced the total 

hydrocarbon (THC) and carbon monoxide (CO) emissions but increased nitrogen oxide 

(NOx) emissions. The smoke emission was reduced by 50% with the use of the bioethanol–

biofuel blend, which reduced particle number and particle mass by 50%. Emission 

conversion efficiencies in the WCC and CPF were similar to those under BD20 fuel. 

 

Y. Devarajan et al. [70] performed a test on a diesel engine using an ultrasonicator. Silver 

oxide nanoparticles were introduced to palm stearin biodiesel (PSBD). The PSBD and 20 
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nm particle size silver oxide nanoparticles (10 ppm) blend increases BTE and BSFC by 2.4 

and 2.7%, respectively, at full load. The addition of silver oxide nano additives emits 11.5% 

less NOx than PSBD at peak load. PSBD emits 13.3% less HC and 10.9% less CO than 

diesel. PSBD has a 6.7% higher in-cylinder pressure and a 6.8% lower net heat release 

value than diesel at peak conditions. 

 

H. A. Dhahad et al. [71] investigated the effects of adding alumina and titanium dioxide 

nanoparticles to diesel fuel. Four mass fractions of nanoparticles were introduced into 

diesel (25, 50, 100, and 150 ppm). According to the findings, the addition of nanomaterial 

had a substantial impact on the ignition and raised the maximum pressure inside the 

cylinder. The addition of titanium dioxide and alumina to traditional diesel increased 

thermal efficiency from 18.9% to 24.5% and 20.45%, respectively. Titanium dioxide and 

alumina addition also reduced the delay period by 5.47% and 0.99%, respectively. 

 

A. I. El-Seesy et al. [72] reported that with the use of ultrasonic stabilization, alumina 

nanoparticles were mixed into a 20% jojoba biodiesel-diesel fuel blend. The best emission 

characteristics were obtained at a concentration of 20 mg/l, as NOx, CO, UHC, and smoke 

opacity were reduced by 70%, 80%, 60%, and 35%, respectively. The optimum mechanical 

performance and engine combustion characteristics were achieved at a dosage of 40 mg/l, 

with a 12% reduction in the BSFC. Also, the peak pressure, maximum rate of gross heat 

release, and maximum rate of pressure rise increased by 4.5%, 4%, and 4%, respectively. 

According to engine performance and emission comparisons, alumina concentrations of 30 

mg/l are acceptable. 

 

I. Ors et al. [73] tested waste cooking oil as biodiesel, mixed with titanium dioxide 

nanoparticles and n-butanol, along with diesel, to study their effects on diesel engine. The 

addition of titanium dioxide enhanced brake engine torque and power by 10.20% and 

9.74%, respectively. BSFC, on the other hand, decreased by 27.73% and 28.37% when 

compared to B20 and B20 n-butanol fuel blends, respectively. 
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Table 2.4: Summary of influence of nanoparticles biodiesel fuel blends on engine performance 

Author Nanoparti
cles 

Nanoparticles  Device used for fluid 
preparation 

Engine specification 
and speed  

Types of 
Engine 

Loading 
device 

Conclusion  

Size 
nm 

Dose 
mg/L 

T shaafi et 
al [33] 

Alumina  50 100 Ultrasonicator 4-S, Single 
Cylinder,4.4 kW, 

Direct Injection, Air 
Cooled, 1500 RPM 

AC generator 
and resistance 

load bank 
using a 
rheostat 

 Reduction in CO, CO2 and UBHC at 
full load 

 increase in NOx emission and peak 
pressure and HRR 

G R 
Kannan et 

al [34] 

FeCl3  --- 5 to 50 Mechanical stirrer 4-S, Single 
Cylinder,5.2 kW, Solid 

/Direct Injection, 
Water Cooled, 1500 

RPM 

Electrical 
alternator 

 NO slightly higher but CO2, CO and 
THC decreased and smoke increased 
slightly.   

 Higher cylinder gas pressure and 
HRR with shorter ignition delay 

J Basha et 
al [15] 

Alumina 51 25, 50 Ultrasonicator (40 kHz, 
120 W for 30 min) 

Single Cylinder,4.4 
kW, Direct Injection, 

Air-Cooled, 1500 
RPM 

AC Alternator  Quick evaporation and higher 
surface/volume ratio with reduced 
ignition delay 

 BTE and BSFC improved.  
 NOx and smoke emission reduced 

CNT 16 25, 50 Mechanical Agitator and 
Ultrasonicator 

J Basha et 
al [19] 

CNT 16 25, 
50,100 

Mechanical Agitator 
(2000 rpm,30 min) 

Single cylinder,4-S,4.4 
kW, Air-cooled, 

constant speed, Direct 
injection, 1500 RPM 

AC Alternator  Micro explosion and secondary 
atomization observed 

 NO and Smoke reduced.  
 BTE very high and peak pressure 

reduced with high heat release 

J Basha et 
al [20] 

MWCNT 16 50 Mechanical 
Homogenizer set (2500 
rpm,15 min, at 300 C) 

and  

Air-cooled, Single 
cylinder, 4-S, 

Direct injection 
system,  

AC Alternator  peak pressure is lower with BTE and 
BSFC improved  

 NOx emission is considerably less 
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Ultrasonicator (40 kHz, 
120W for 30 min) 

type,4.4 kW, 1500 
RPM 

C.S.Aalam 
et al[35] 

Alumina 
oxide 

(spherical 
shaped) 

32 to 
48 

50 and 
100 

Ultrasonicator and 
Homogenizer  

Single cylinder, 
Vertical, water-cooled, 
four strokes,3.7 kW, 

1500 RPM 

Eddy current 
dynamometer 

 Peak pressure and HRR increased 
with reduced ignition delay and 
flashpoint  

 Reduction in fuel consumption and 
little increment in BTE 

 Reduced HC, CO but NOx emissions 
increased 

C.S.Aalam 
et al [36] 

MWCNT 2 to 
50 

25 and 
50 

Mechanical 
Homogenizer and 

Ultrasonicator 

Single cylinder, 
Vertical, water-cooled, 

four strokes,5.2 kW 

Eddy current 
dynamometer 

 BTE improved, NOx and smoke 
reduced 

 High cylinder gas pressure and HRR 
at optimized operating conditions. 

V A M 
Selvan et al 

[37] 

Cerium 
oxide 

32 25 High-speed blending 
and Ultrasonic bath  

single cylinder, 
4 stroke, direct 
injection, VCR 

(compression ratio 5:1 
to 20:1), Water 

cooled,3.7 kW, 1500 
RPM 

Eddy current 
dynamometer 

 BTE was improved little for the 
cerium oxide fuel blend compared to 
diesel  

C.S.Aalam 
et al [38] 

Aluminum 
oxide  

31.6 
to 

47.5 

25 and 
50 

Mechanical 
Homogenizer and 

Ultrasonicator 

Single cylinder, 
Vertical, water-cooled, 
four strokes,5.2 kW, 

1500 RPM 

Eddy current 
dynamometer 

 SFC and exhaust emissions reduced 
for all loads 

 BTE and HRR increased drastically.  
 NOx emission increased  

V A M 
Selvan et al 

[39] 

Cerium 
oxide and 
single wall 

CNT 

32 25,50,
100 

Mechanical 
Homogenizer and 
Ultrasonic Bath 

single cylinder, 
4 stroke, direct 
injection, VCR 

(compression ratio 5:1 
to 20:1), Water 

cooled,3.7 kW, 1500 
RPM 

Eddy current 
dynamometer 

 BTE and peak pressure increased, 
less Ignition delay and Combustion 
started early. CO was high, HC and 
Smoke decreased  
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S. Kumar et al. [74] reported that as a fuel, Pongamia biodiesel blends of B20 with 

ferrofluid as an additive were employed in various volumetric proportions. Ferrofluid was 

made by combining ferrous nanoparticles with water as a base and citric acid as a surfactant. 

The results showed that adding ferrofluid to the fuel had a good effect on it, lowering the 

BSFC by 8% when compared to non-additive fuel. In comparison to all other fuel mixes, 

the B20 with 1% ferrofluid produced the highest efficiency and lowest emissions. At full 

load, the addition of 1% ferrofluid to B20 resulted in a reduction of 35.8% and 22.9% in 

CO and HC emissions, respectively. The NOx emission from a fuel blend with an additive 

is found to be lower. Also, the NOx and smoke emissions were reduced the most in the 

blend with a 1% volumetric addition. 

 

M.S. Gad and S. Jayaraj [75] found that the bulk density of nanoparticles influences the 

attraction force between them and the surface tension of the fuel. Smaller nanoparticles 

result in a higher surface charge density around larger nanoparticles, a stronger electrostatic 

repulsion force between the nanoparticles and the fuel molecules, improved surface 

adsorption, and a reduction in surface tension. The fuel blends of nano additives such as 

carbon nanotubes, titanium dioxide, and aluminum oxide are added at quantities of 25, 50, 

and 100 ppm with Jatropha biodiesel (20%) to improve fuel quality. In comparison to all 

other fuels tested, JBD20 with a 100 ppm aluminum oxide fuel blend resulted in a 

maximum improvement of 6.5% in thermal efficiency; with a 50 ppm carbon nanotube fuel 

blend, CO and NOx emissions were reduced by about 35% and 52%, respectively; and with 

a 25 ppm titanium dioxide fuel blend, higher reductions in HC and smoke emissions of 

about 22 and 50%, respectively.  

 

G. Najafi [76] prepared a fuel blend with CNT and Ag nanoparticles in 40, 80 and 120 ppm 

with waste cooking oil biodiesel. The nanoparticles were prepared, characterized by TEM 

and XRD analysis, and mixed using an ultrasonicator. For the fuel blend of 120 ppm carbon 

nanotube with biodiesel, results showed that peak pressure, peak pressure rise rate, and heat 

release rates were enhanced by 15.38%, 23.33% and 28%, respectively. And for the same 

fuel blend, compared to plain diesel fuel, the ignition delay was reduced by 8.98%.  

 

M. Mirzajanzadeh et al. [77]  reported using two types of diesel-biodiesel blends (B5 and 

B20) at three concentrations (30, 60 and 90 ppm). The hybrid nanocatalyst incorporating 

cerium oxide and multiwall carbon nanotubes was examined. Results demonstrated that the 
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high surface area of the nano-sized catalyst particles, as well as their correct distribution 

and catalytic oxidation response, resulted in considerable overall improvements in the 

combustion reaction, particularly in B20 with 90 ppm catalyst. All pollutants, including 

NOx, CO, HC, and soot, were reduced by up to 18.9%, 38.8%, 71.4%, and 26.3%, 

respectively. 

 

A. A. Al-Kheraif et al. [78] reported that the NOx, CO and HC emissions were reduced due 

to the incorporation of nano alumina at higher concentrations. Candle nut and soap nut 

biodiesel were blended with 50% candle nut and 50% soap nut diesel. Out of various 

biodiesel blends, the B30 fuel blend showed better results in terms of reducing NOx and 

HC emissions. The average increase in the BTE upon the addition of the nanoparticles was 

12% mainly due to the higher surface area of the nanoparticles and their higher calorific 

value. The maximum BTE for the B20, B30, and B40 blends were 32.1%, 29.7% and 

27.47%, respectively. The SFCs for the blends were 0.29 kg/kW.h, 0.31 kg/kW.h and 0.34 

kg/kW.h respectively. Compared to all the blends, the diesel reported the least EGT due to 

the lower combustion rates and viscosity. The role of nanoparticles is undeniably superior 

in the reduction of NOx. 

 

S. Dey et al. [79] researched the combustion-performance-emission characteristics of palm 

biodiesel blends, with cerium oxide (CeO2) in a single cylinder diesel engine. Due to 

improved ignition properties of the modified blends, the addition of CeO2 nanoparticles 

(50, 100, and 150 ppm) to palm biodiesel blends increased brake thermal efficiency (BTE) 

while lowering brake specific energy consumption (BSEC). The maximum reductions in 

CO, HC, and NOx emissions at full load were 50, 48.45, and 11.1 % respectively. At 

maximum load, the D95B5N150 blend produced 4.12 and 11.5 % higher in-cylinder 

pressure and heat release rate than D100 respectively. The D90B10N50 blend had a 

maximum BTE of 12.64 %, higher than D100 at full load due to the palm biodiesel's oxygen 

content and CeO2's catalytic activity. Because CeO2 nanoparticles improve the burning 

process and combustion efficiency, the BSEC of the D90B10N50 blend is 10% lower at 

full load than the D100 blend. 

 

S. Karpagarajan et al. [80] studied the effect of Ruthenium oxide nanoadditives on the 

efficiency and emission characteristics of Jatropha biodiesel in a single-cylinder, four-

stroke diesel engine. If the additives are appropriately applied to the biodiesel, it will 
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improve the engine's output characteristics. Results revealed that the optimized B20 + 100 

ppm blend has a more significant impact on CO and HC emissions. 

 

S. K. Srinivasan et al. [81] examined the combustion, performance, and emission 

characteristics of a CI engine using clean biodiesel (B100: 100 percent rubber seed oil 

methyl ester) combined with alumina and titanium oxide nanoparticles in 25 ppm and 50 

ppm amounts, respectively. Alumina and titanium dioxide nanoparticles were combined 

with the neat biodiesel in varied amounts, such as 25 ppm and 50 ppm, and 2% surfactant 

(Span80) was added, and the mixtures were stirred with an ultrasonicator to obtain uniform 

particle dispersion in the blend. According to the test results, the BTE of the engine using 

nanoparticle-blended fuel (B100T50) increased by 5.2 %, while BSFC reduced by 10.56 

%, according to the test results. When compared to plain biodiesel at full load, CO, HC, 

and smoke emissions reduced by %, 28 %, and 44 %, respectively, while NOx emissions 

increased by 21 %. 

 

D. Rangabashiam et al. [82] analyzed the performance, emissions, and combustion of diesel 

engines fueled by neem biodiesel/diesel/additives blends. The effect of two oxygenated 

additives, DMC (Dimethyl-carbonate) and Pentanol (n-P), on the ignition patterns of 

biodiesel and diesel blends in a diesel engine was investigated. The peak pressure was 

enhanced by 2.3 bar and 3.1 bar, respectively, when DMC and pentanol were added. And, 

3.9 and 2.1 J/CA of HRR were improved. BTE increased by 0.3 percent and 0.6%, 

respectively, when DMC and Pentanol were blended with base gasoline. When 10% 

volume of pentanol and DMC were added, the CO of NBD50D50 was reduced by 4.9 % 

and 7.4%, respectively, at full load. In addition, HC emissions were reduced by 3.1% and 

4.7 %, respectively. 

2.6 Research Gap 

The performance and emissions of biodiesel made from edible and non-edible oils have 

been widely researched. Because India is not self-sufficient in edible oil production, a 

developing nation like India cannot afford to use edible oil for fuel generation. There seem 

to be no studies on non-edible biodiesel with nanoparticles droplet combustion and ignition 

analysis. Also, very few studies and a variety of literature have been published on the 

combustion, performance, and emissions of non-edible oil with nanoparticle and diesel 

blends as an engine fuel. The focus of the study should be on alternate biofuel feedstocks, 
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particularly non-edible oil seeds mixed with nanoparticles, to provide different 

environmental and socio-economic benefits for developing countries like India and the rest 

of the world. Table 2.5 shows feedstock tried for investigation for the blending with diesel 

and nanoparticles, while Table 2.6 shows nanoparticles combination with jatropha 

biodiesel tried for the investigation for the present study.  

Table 2.5: Feedstock tried for the investigation 

Sr. No Feedstock used  
Type of oil  

(Edible / Non-edible) 
1 Jatropha Nonedible 

2 Pongamia Nonedible 

3 Mahua Nonedible 

4 Moringa oleifera Nonedible 

5 Palm  Edible  

6 Coconut Edible  

7 Castor Nonedible  

Jatropha, also known as the "wonder plant," has been a significant success in many 

underdeveloped countries. Castor and jatropha plantations are intercropped to increase their 

economic viability in the first two to three years. Another result of the experiments was the 

introduction of waste-to-wealth biodiesel manufacturing [7]. Most of the strict 

requirements set by the world biodiesel standards for biodiesel have been achieved. During 

World War II, oil from jatropha seeds was used as a blend and substituted for diesel. It has 

been reported that biodiesel produced from palm and jatropha has physical properties in the 

right balance, conferring it with adequate oxidation stability and cold performance [18]. 

Table 2.6: Nanoparticles combination with Jatropha biodiesel tried for the investigation 

Sr. No Nanoparticle combination used  Types of Nanoparticles 

1 
Iron and Titanium dioxide 

Metal and Metal oxide 

2 
Copper and Cerium oxide Metal and Metal oxide 

3 
Aluminium and Titanium dioxide  Metal and Metal oxide 

5 CNT and Titanium dioxide Carbon nanotube and Metal oxide 

6 CNT and Cerium oxide 
Carbon nanotube and Metal oxide 

7 
CNT and Aluminium oxide Carbon nanotube and Metal oxide 
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9 
CNT and Zinc oxide Carbon nanotube and Metal oxide 

Nano-additives are being used to improve diesel fuel's combustion and ignition properties. 

Carbon nanotubes could be used in diesel engines as a nano-additive to improve the fuel's 

burning rate, increase the cetane number, which acts as an anti-knock agent, and promote 

clean-burning [83]. Aluminum oxide nanoparticles are found to have catalytic properties. 

It improves the fuel's radiative mass transfer and reduces the ignition time. The 

performance of a diesel engine can be improved by reducing harmful emissions, 

specifically NOx, by adding nano-materials. A comprehensive analysis of the usage of 

carbon nanotubes and alumina nanoparticle in engine is required to improve engine 

performance and combustion while lowering harmful emissions. 

 

This research aims to study fuel droplet combustion and ignition behavior in an electrical 

furnace at atmospheric pressure with jatropha biodiesel and diesel with carbon nanotube 

and alumina nanoparticle fuel blends. This research also extended to examining 

combustion, performance, and regulated emission characteristics such as NOx, CO, HC, 

and smoke using the prepared fuel blends on a single-cylinder DI diesel engine to check its 

suitability as an alternative fuel without any modification to the diesel engine. 

2.7 Objectives of the study 

Specific technical objectives of this study are: 

1. To develop new fuel blends incorporating carbon multi-wall nanotubes and alumina 

nanoparticles in varying proportions with Jatropha biodiesel and diesel. 

 

2. To investigate the ignition behavior of prepared fuel blends of Jatropha biodiesel 

and diesel with nanoparticles in an electric furnace at various elevated temperature 

conditions at atmospheric pressure. Also, this work is expected to study the 

behavior of the prepared fuel blends, such as ignition delay and activation energy. 

 

3. To examine the droplet combustion behavior of prepared fuel blends in an electric 

furnace at elevated temperatures at atmospheric pressure. 

 

4. To analyze the combustion, performance, and emissions of developed fuel blends 

of Jatropha biodiesel and diesel with nanoparticles as an engine fuel. 
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CHAPTER-3 

 

3 Materials and Methods  

 
The problems with substituting triglyceride fuels for diesel fuels are mostly associated with 

their (i) high viscosity, (ii) low stability against oxidation and (iii) low volatility. Low 

volatility affects the formation of a relatively high amount of ash due to incomplete 

combustion. The transesterification process with a homogeneous or heterogeneous catalyst, 

thermal cracking or pyrolysis, and micro-emulsification are some of the ways for reducing 

viscosity and producing biodiesel from vegetable oils [28]. In the presence of a catalyst, 

transesterification is a chemical process between triglycerides and alcohol. It is comprised 

of three reversible reactions in which triglycerides are transformed into diglycerides, 

diglycerides are converted to monoglycerides, and monoglycerides are converted to 

glycerol. Each step produces an ester, resulting in three ester molecules from a single 

triglyceride molecule [84]. The reaction takes several hours to complete, but it can be sped 

up by using a small amount of liquid catalyst.  The time needed for the mass transfer to 

occur is shortened as the temperature is increased, leading to a higher rate of conversion at 

higher temperatures.  The overall reaction kinetics is dependent on the individual rate 

constants for the conversion of triglycerides to diglycerides, monoglycerides, and alcohol 

esters [28]. Alcohols, primarily methanol and, to a lesser extent, ethanol, are the most 

commonly utilized acyl acceptors. Other alcohols, such as propanol, butanol, isopropanol, 

tert-butanol, branched alcohols, and octanol, can also be utilized, but their costs are 

substantially greater. When selecting between methanol and ethanol, the former is less 

expensive, more reactive, and produces more volatile fatty-acid methyl esters (FAME) than 

fatty-acid ethyl esters (FAEE) [28].  Vegetable oils need to be chemically altered or blended 

with diesel to prevent engine failure. Furthermore, it was revealed that base catalysts and 

enzymes are more effective than acid catalysts and enzymes [24]. The most widely used 
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technique is base-catalyzed transesterification, which is the most cost-effective method 

because it requires only low temperatures and pressures, produces over 98 % conversion 

yield (provided the starting oil is low in moisture and FFA).  

 

And, also involves direct conversion to biodiesel with no intermediate compounds. It also 

requires no special heavy equipment [85]. The method of acid esterification was favored 

before alkaline transesterification for the production of biodiesel from the oil. After 

treatment with an acid catalyst, the free fatty acid (FFA) value is reduced to less than 2.0% 

to make transesterification possible [84]. The alkali method is not acceptable because soap 

is produced during the process due to the high free fatty acid (FFA) content, so a two-step 

transesterification process was utilized to remove the high fatty acid content and increase 

biodiesel production. As illustrated in FIGURE 3.1, the FFA content of jatropha determines 

the biodiesel manufacturing process. 
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FIGURE 3.1: Biodiesel production process selection chart as per FFA content 

Jatropha Oil  
FFA < 2% 

Alkaline 
transesterification 

(Single step process)  

Removal of contaminants 
glycerol, catalyst and 

alcohol 

Hot water washing of 
Jatropha biodiesel 

Removal of alcohol and 
moisture content from the 

Jatropha biodiesel  
(Lower Layer) 

Jatropha 
Biodiesel  

Jatropha Oil  
FFA > 2% 

Acid esterification 
(Two step process) 

Removal of alcohol and moisture 
content from the Jatropha biodiesel 

(Upper layer) 

Jatropha Oil  
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3.1 Materials 

The Jatropha oil was acquired from the Shroff SR Rotary Institute of Chemical Technology, 

Valia, Gujarat, India. FIGURE 3.2  and FIGURE 3.3 show the jatropha seeds. FIGURE 3.4 

shows a sample of jatropha oil used for this study. Other chemicals such as methanol 

(99.9% pure), H2SO4 (98% pure), KOH (98.9% pure) were obtained from local suppliers 

and used. 

 
FIGURE 3.2: Jatropha seeds 

 
FIGURE 3.3: Stored Jatropha seeds 

3.2 Biodiesel Production 

A heated plate with a magnetic stirrer was used to produce the biodiesel. The stirrer's 

temperature and speed were controlled by a temperature and speed controller included in 

the device. A 2L two-neck flask with a condenser to collect alcohol vapor was used for the 

mixture of oil, alcohol, and catalyst for the process. Due to the high FFA content of jatropha 

oil, acid esterification followed by a base transesterification process, commonly known as 

a two-step process, was adopted to produce biodiesel. Acid esterification reduces the FFA 

level of the oil, which is then processed further by the base catalyst to make biodiesel [21]. 

FIGURE 3.5 shows a schematic diagram of the biodiesel production setup. The first stage 

in producing biodiesel from Jatropha oil is to determine the percentage FFA (Free fatty 

acid) or Acid number using a titration technique. 

 

The acid value is the number of milligrams of potassium hydroxide needed to neutralize 

the FFA in one gram of fat; it's near twice the percentage of FFA [84]. In this case, the FFA 

is observed, 9%. The acid value of the feedstock for alkaline transesterification has to be 

reduced to less than 4.0 mg KOH/g or 2% FFA. 
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FIGURE 3.4: Jatropha oils 

 

 

 
FIGURE 3.5: Schematic diagram of biodiesel production setup 

Because the tested sample contains greater than 2% FFA, the two-step process is chosen for 

biodiesel manufacture. So the first stage is acid esterification, which reduces FFA levels to 

less than 2%, followed by alkaline transesterification. 

3.3 Esterification process 

The acid esterification process was carried out in a 2L flask equipped with a reflux 

condenser, magnetic stirrer, and thermometer neck. For the acid esterification, measured 
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quantities of jatropha oil and methanol are taken with a molar ratio of 12:1 for esterification 

with Hydrochloric acid as a catalyst with measured quantity. Then the mixture is 

continuously stirred in the two neck flask with the help of a magnetic stirrer for 2 hours. 

During stirring temperature is maintained at 600 C and the most important parameter FFA 

% is observed throughout the process. Finally, the solution is kept in a separating flask for 

1 hour, impurities are removed, and then, the remaining solution is separated. 

 

  
FIGURE 3.6: Biodiesel production set up 

3.4 Transesterification process 

Alkaline transesterification is preferred over acid catalyzed transesterification as it is 

reported about 4000 times faster than acid transesterification [84]. For the 2nd step again, 

measured quantities of jatropha oil from esterification and Methanol in the ratio of 8:1 with 

the catalyst as KOH for Alkaline transesterification are taken. Excess of methanol pushes 

forward the process of transesterification as the process is reversible. Initially, KOH is 

added into the methanol and stirred until all KOH is dissolved. Then, the measured quantity 

of jatropha oil is taken using a measuring flask and, KOH/Methanol mixture is added. Then 

the mixture is continuously mixed into the oil, the reaction is carried out in 2 hours with 

the magnetic stirrer at 600 C.  The temperature was maintained at 60oC to prevent the 

vaporization of alcohol [86]. After the reaction is finished, the mixture is allowed to rest. 

After the reaction, the mixture is left to decant until the biodiesel light layer is completely 

separated from the glycerin heavy layer. It took 24 hours for the glycerin and biodiesel 

layers to separate. Once the biodiesel layer is separated, the glycerin is removed from the 

Two neck flask 

Jatropha oil 
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bottom of the separating flask. Then, the prepared biodiesel is washed with the help of hot 

distilled water three times. Finally, this biodiesel is heated at 80°C for almost one hour for 

water particles and moisture removal. FIGURE 3.6 shows the transesterification process of 

the jatropha oil sample. 

3.5 Post-treatment 

The purpose of washing is to remove contaminants from biodiesel; three rounds of washing 

are normally done, or until the pH of the distiller water is neutral. The most common 

method of washing is with hot water at a temperature of 700C. As previously stated, a 

thorough washing operation usually consists of three rounds of washing. Following each 

of these washing cycles, the water in the reactor's bottom must be decanted for at least 2 

hours before being emptied by the drainage tube. The water from the first washing is 

discarded, while the water from the second or third washing rounds can be reused for the 

first and second washing rounds of the next batch of biodiesel, respectively. The purpose 

of washing is to neutralize the alkali used to generate methoxide (KOH). FIGURE 3.7 

shows the water washing of produced jatropha biodiesel. 

 

After water washing, biodiesel retains some water and alcohol, so it is heated to around 

100°C to evaporate the water and alcohol. FIGURE 3.8 depicts jatropha biodiesel before 

and after it has been heated. Filtration of biodiesel is done with a filter and stored in a bottle. 

3.6 Fatty acid composition 

Gas chromatography is often used to estimate the fatty acid esters ester yield (percent). The 

analytical technique GC-MS combines two instruments in series to produce reliable 

analytical data. The elements in a sample are separated using gas chromatography, and the 

results are shown as a chromatogram, with the band intensity indicating the number of 

analyses and the number of bands indicating the number of molecules in the mixture. Mass 

spectrometry, on the other hand, produces a distinct value that indicates the molecule's or 

fragments' mass. 

 

Fatty acids are made up of a hydrocarbon chain connected to a carboxyl group (COOH). 

Saturated fatty acids are made up of straight carbon atom chains with only one bond, and 

they have the chemical formula CH3(CH2)nCOOH. Caproic acid (C6), caprylic acid (C8), 

capric acid (C10), lauric acid (C12), myristic acid (C14), palmitic acid (C16), stearic acid (C18), 
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arachidic (C20), behenic (C22), ligoceric (C24), and cerotic acid (C26) are a few examples. 

 
FIGURE 3.7: Water washing of jatropha biodiesel 

Unsaturated fatty acids, on the other hand, have carbon chains that have one or more double 

bonds in the hydrocarbon tail. Palmitoleic (C16:1), oleic (C18:1), and eicosenoic acid are 

examples of monounsaturated fatty acids with only one double bond connected to the CH 

group (C20:1). The polyunsaturated acid, on the other hand, has two or more carbon to 

carbon double bonds (C=C). Linoleic acid (C18:2) and linolenic acid are two examples 

(C18:3). At room temperature, saturated fatty acids are solid with a high melting point, 

whereas unsaturated fatty acids are liquid with a lower melting point. Unsaturated fatty 

acids are normally curved, unless they contain a trans-configuration, whereas saturated 

fatty acids have perfectly straight chain structures [87]. Many types of vegetable oils with 

varying fatty acid compositions can be utilized to make biodiesel, however, the vegetable 

oils studied for their potential as biodiesel are those that are plentiful in a given area [88]. 

 

The structural elements of fatty acid, such as chain length, degree of unsaturation, and chain 

branching, influence physical and chemical attributes such as ignition quality, the heat of 

combustion, cold flow, oxidative stability, viscosity, and lubricity [89]. Depending on the 

degree of unsaturation, the carbon/hydrogen ratio of biodiesels derived from other sources 

will change slightly. 

 

The most noticeable variation in composition between diesel and biodiesel is the oxygen 

concentration. Biodiesel has a lower energy density than gasoline since it contains 10-12 

wt% oxygen. [90]. GC–MS investigation was conducted to determine the fatty acid 

Biodiesel 

Wash water 



Fatty acid composition 

51 
 

contents of jatropha biodiesels using a Shimadzu QP–2010 Ultra instrument, at Saurashtra 

University in Rajkot, Gujarat. 

 

 
FIGURE 3.8: Jatropha biodiesel before and after heating 

 

Table 3.1: Specifications of GC-MS process 

Sr.No. Parameter Specification 

1 Detector Flame Ionization detector 

2 Detector voltage 0.85 kV 

3 Carrier gas oxygen-free nitrogen 

4 Linear velocity 37.2 cm/s 

5 Flow rate 1 mL/min 

6 Injection temperature 3100C 

7 Column head pressure 73 kPa 

8 Column dimension Rtx-Wax, 30 m * 0.25 µm * 0.25 mm 

9 Injection mode Split 

10 Temperature ramp 100C/min to 3200C holds for 8.0 min 

11 Ion source temperature 2000C 

12 Split ratio 40:1 

 

Table 3.1 illustrates the GC-MS method in detail. By comparing the fatty acid methyl ester 

peaks to reference standards, the fatty acid methyl ester peaks were identified. The fatty 

Jatropha 
Biodiesel 

after 
heating 

Jatropha 
Biodiesel 

before 
heating 
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acid composition of neat jatropha biodiesels is shown in Table 3.2. 

Table 3.2: Fatty acid composition of Jatropha biodiesels  

3.7 Nanoparticles biodiesel fuel blend samples 

Biodiesels produced from jatropha were blended in 20 % volume ratios is combined with 

the Alumina and carbon multiwall nanotube nanoparticles in different weight proportions. 

A total of 8 samples of nanoparticles jatropha biodiesel blends including neat diesel, were 

prepared and their physical and chemical properties were measured as per IS standard.  

These properties include; kinematic viscosity, density, flashes point, CP (cloud point), PP 

(pour point), calorific value, and cetane number. 

 

The nanoparticles blends are prepared with the help of a mechanical agitator and magnetic 

stirrer. To prepare nanoparticles blend, 0.025 g nanoparticles was added in the JBD20 of 1 

L quantity of fuel which means that the dosing level of 25 ppm of the nanoparticles, and 

the tested fuel blends denoted as JBD20AL25. To avoid agglomeration of nanoparticles, 

they were vigorously agitated for 15 min at 800 rpm with a mechanical agitator as shown 

in FIGURE 3.9 and again mixture stirred into the magnetic stirrer as shown in FIGURE 

Name of fatty 

acid 

Chemical name of  

fatty acid 
Structure 

Chemical 

formula 

Jatropha 

biodiesel (wt.%) 

Myristic Tetra decanoic 14:0 C14H28O2 0.12 

Palmitic Hexa decanoic 16:0 C16H32O2 19.6 

Stearic Octa decanoic 18:0 C18H36O2 9.5 

Arachidic Eicosanoic 20:0 C20H40O2 0.53 

Behenic Docosanoic 22:0 C22H44O2 --- 

Palmitoleic cis-9-Hexa decenoic 16:1 C16H30O2 1.98 

Oleic cis-9-Octa decenoic 18:1 C18H34O2 37.93 

Linoleic 
cis-9,cis-12- Octa 

decadienoic 
18:2 C18H32O2 29.94 

Linolenic 
cis-9,cis-12, cis-15-

Octa decatrienic 
18.3 C18H30O2 0.4 

Eicosenoic Cis-11-eicosenoic acid 20:1 C20H38O2 --- 

Saturated FA(%) 29.75 

Unsaturated FA(%) 70.25 
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3.10 for 30 min at 1000 rpm.  

 
FIGURE 3.9: Mechanical Agitator 

 

 
FIGURE 3.10: Magnetic stirrer 

With the addition of 25 ppm and 50 ppm, each of Alumina and multiwall carbon nanotube 

with JBD20 and denoted as JBD20AL25C25 and JBD20AL50C50 respectively. Also, the 

stability check was done for all the nanoparticles' fuel blends as shown in FIGURE 3.11. It 

was found that both the Nanoparticles remained stable for almost more than 72 hours, 

without agglomeration in the fuel blends. 
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FIGURE 3.11: Nanoparticles biodiesel fuel samples 

Table 3.3 shows sample prepared for the droplet combustion and ignition analysis, and also, 

for the engine combustion, performance and emission test. 

Table 3.3: Sample of prepared nanoparticles biodiesel fuel blends 

Sample No. Sample identification 

1 D100 

2 JBD20 

3 JBD20AL25 

4 JBD20AL50 

5 JBD20AL25CMNT25 

6 JBD20CMNT25 

7 JBD20CMNT50 

8 JBD20AL50CMNT50 

3.8 Droplet ignition Experimental setup and test procedure 

The schematic diagram of the droplet ignition setup is shown in FIGURE 3.12 with all the 

necessary instruments. The specifications of the electrical muffle furnace are tabulated in 

Table 3.4 below. The fuel droplet was formulated and introduced into the electrical muffle 

furnace. The furnace is equipped with a microprocessor based temperature indicator cum 

controller having a temperature range up to 11000C. The droplet was produced with the help 

of a syringe of diameter 0.55 mm and suspended on the wire of 3 mm diameter. The wire 

attached to the steel sleeve was moved in the forward and backward direction with the help 

of another bigger steel sleeve. 
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FIGURE 3.12: Schematic diagram of droplet ignition set up 

The bigger steel sleeve was clamped on the stand. With the help of this arrangement, the 

fuel droplet was introduced into the furnace with the help of a wire. There was a stop, on the 

steel sleeve, which ensured that the wire moved forward to the same position into the furnace 

each time. Distance between the furnace and stand was kept constant for all the readings.  

The furnace has two small holes each of 10mm, one is on the front side and the other is on 

the backside. 

 

FIGURE 3.13: Droplet combustion and ignition set up 

From the front hole of the furnace, with the help of the 60 fps, high definition digital camera 

ignition sequence of the droplet was captured, and the backside hole was used to introduce 

the droplet with the help of the wire. The ignition delay time was measured with the help of 

Stand with 
suspension wire 

Temperature 
indicator 

Set Temperature  

Front hole 

Electrical furnace 

Furnace chamber  
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a stopwatch. A computer and software were used for the analysis of the droplet ignition 

characteristics. The ignition delay time can be defined as the time needed to raise the 

temperature for the oxidation [51]. In the temperature range of 5000C to 7000C, in the 

increment of 500C, a total of five observations for the ignition delay time were taken at the 

atmospheric condition. The experimental setup is shown in FIGURE 3.13.  

Table 3.4: Furnace chamber’s specifications of Electric muffle furnace 

Component specification 

Length 250 mm 

Width 100 mm  

Height 100 mm 

Digital Temperature indicator 11000C 

The ignition behaviors such as droplet size, ignition delay time and activation energy are to 

be analyzed for the Diesel- Jatropha Biodiesel with nanoparticles fuel blends. A detailed 

analysis of the droplet combustion and ignition behavior characteristics is presented for the 

tested fuel in the electric muffle furnace at atmospheric pressure. 

3.9 Engine Test and its instruments with the procedure  

 
FIGURE 3.14: Schematic diagram of the test rig of the engine 
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FIGURE 3.15: Engine test rig 

Table 3.5: Technical Specification of the Engine and components 

Component Details 

Engine Model Kirloskar TV1 

Engine type Four stroke, Variable Compression Ratio, Multi-fuel 

Number of cylinders One 

Bore 87.5 mm 

Stroke 110 mm 

Compression ratio Range 18:1 

Maximum power 3.5 kW 

Speed 1500 rev/min 

Dynamometer Eddy current 

Cooling method Water cooling 

Fuel Injection advanced angle 250 (before TDC) 

Injection pressure 220 bar 

Data acquisition device NI Instrument USA, NI USB-6210, 16 bit 

Engine control unit PE3 series ECU, full build potted enclosure 

Load sensor Load cell strain gauge type, Capacity- 0-50 kg 

Piezo sensor Combustion: range 350 bar and Diesel line: 350 bar 

Crank angle sensor  Resolution 1 degree, speed 5500 RPM with TDC pulse 

Pressure sensor 

Eddy current 
Dynamometer 

Fuel flow meter 

Engine 
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Temperature sensor  Type RTD, Thermocouple K type  

Temperature transmitter Type 2 wire, Input RTD/Thermocouple, output 0-20 mA  

An engine test was performed at the Apex Innovations Engine Testing Laboratory in Sangli, 

Maharashtra. FIGURE 3.14 depicts a schematic diagram of the engine's test setup. FIGURE 

3.15 shows an image of the actual diesel engine test apparatus. Specifications of diesel 

engines and components are given in Table 3.5. 

Combustion, Performance and Emission analysis of the tested nanoparticles fuel blends were 

tested on single cylinder, 4 stroke, direct injection, VCR water-cooled engine. The setup was 

comprised of a piezo sensor, crank angle sensor, load sensor, temperature sensor, 

temperature transmitter, fuel flow transmitter, airflow transmitter, ECU with a Data 

acquisition system. All the Combustion, performance and emission analysis data were 

evaluated with the help of “Enginesoft" software. Initially, the test started with a D-100 fuel 

blend for the 0 kg (no load), 3 kg, 6 kg, 9 kg, and 12 kg (full load) engine load conditions at 

a constant engine speed of 1500 rpm. Measurements were taken for all other test fuel blends. 

To determine the baseline parameters, the engine was first fuelled with diesel fuel, and later 

on, other fuel blends were fuelled. For the measurements of each new fuel blend, utmost 

care was taken by removing the fuel completely from the fuel line of the previous fuel blend. 

Also, for each new fuel blend measurements were taken after running the engine for a 

sufficient time. Cylinder pressure, mass fraction burned, rate of pressure rise, net heat release 

rate and maximum gas temperature with crank angle rotation data are analyzed. The values 

of these combustion parameters were averaged over 10 cycles and are presented here. Engine 

performance and emission study include measurement of parameters like brake power, 

indicated power, brake mean effective pressure, indicated mean effective pressure, brake 

thermal efficiency, mechanical efficiency, brake specific fuel consumption, volumetric 

efficiency, and air-fuel ratio. A total of eight test fuels were prepared for research including 

neat diesel.  

For each blend, data on combustion, performance, and emissions were recorded under 

various loading conditions varying from no load to full load at a constant speed. The engine's 

smoke opacity was measured using an AVL 437 smoke meter, as illustrated in FIGURE 

3.16, with the specification are listed in Table 3.6. As shown in FIGURE 3.17, data from an 

exhaust gas analyzer (Model- AVL DIGAS 444) was used to record regulated CO, CO2, HC, 

and NOx emissions.  
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Table 3.6: Specifications of smoke meter 

Make & model AVL 437 

Resolution 0.1 vol.% 

Measuring range 0 – 100 

Light source Halogen bulb 12V/5W 

Power supply 190-240 V AC, 50Hz, 2.5A 

Maximum smoke temperature 2500C 

 

Table 3.7 shows the measurement range for various pollutants as well as the resolution for 

an exhaust gas analyzer. 

 

FIGURE 3.16: AVL 437 smoke meter 

 

FIGURE 3.17: AVL 444 exhaust gas analyser 
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Table 3.7: Specifications of exhaust gas analyzer 

Regulated  Emission Measurement range and unit Resolution 

CO 0-10 vol. % 0.01 vol. % 

CO2 0-20 vol.% 0.1 vol. % 

HC 0-20000 ppm 1 ppm 

NOx 0-5000 ppm 1 ppm 

This chapter initially covers biodiesel production processes, biodiesel process selection, 

biodiesel production equipment and methodology, sample preparation of nanoparticles 

biodiesels fuel blends, its characterization and testing. It includes the droplet combustion 

and ignition apparatus used, as well as the equipment used to measure combustion and 

ignition characteristics such as ignition delay, droplet size, and activation energy. It also 

describes the engine test rig, as well as the instruments that are used to measure various 

combustion, performance, and emission data. The results and discussion about the measured 

experimental data will be discussed in the following chapter. 
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CHAPTER-4 

 

4 Results and discussion 

 
Jatropha oil was obtained from the Shroff S R Rotary Institute of Chemical Technology, 

Valia Gujarat, India, and was used to produce biodiesel. The Autus Nano Lab in 

Ahmedabad, Gujarat, India, supplied alumina (Al2O3) and multiwall carbon nanotube 

nanoparticles, which were used for the preparation of the nanoparticle fuel blends. This 

chapter includes biodiesel and nanoparticle characterization and analysis, as well as the 

effects of mixing on fuel properties like density, kinematic viscosity, cloud point, pour point, 

and flashpoint. XRD and TEM testing for the nanoparticles are presented. In addition, we 

will analyze and present the ignition and droplet combustion behavior of test fuel blends in 

the next section. Furthermore, the combustion, performance, and emission investigations of 

nanoparticle biodiesel fuel blends will be compared to biodiesel fuel blends and the reference 

fuel diesel for compression ignition engines, and the findings will be compared. 

4.1 Characterization and analysis of biodiesel samples 

The saturated and unsaturated fatty acid composition based on the FAME composition of 

the tested jatropha biodiesels is presented in the previous chapter's Table 3.2. Jatropha BD 

is comprised of 29.75 % saturated fatty acids, with palmitic acid esters accounting for the 

majority (19.6%), and 70.25 % unsaturated fatty acids, with oleic acid esters accounting for 

the majority (37.93 %). 

 

The biodiesel prepared from the jatropha oil was mixed with the different proportions of 

nanoparticles and diesel fuel. A total of eight samples were prepared, six of which contained 
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a blend of jatropha biodiesel and varying amounts of alumina and carbon multiwall nanotube 

nanoparticles. 

 

The physical and chemical properties of the produced fuel blends were measured according 

to IS standards for density, kinematic viscosity, flash point, cloud and pour point, calorific 

value, and cetane number.  

Table 4.1: Physical and chemical properties of jatropha biodiesel and their blends with nanoparticles 

Table 4.2: Biodiesel standards[91] 

Sr 

No 
Property Unit 

ASTM D6751 

Limit 
EN 14214 limit  

1 Kinematic viscosity at 40°C mm2/s 1.9-6 3.5-5  

2 Pour point °C Not specified Not specified 

3 Cloud point °C Report Not specified 

4 Acid value mgKOH/g 0.5 max. 0.5 max. 

5 Calorific value MJ/kg Not specified Not specified  

6 Cetane number ------ 47 min. 51 min.  

7 FlashPoint °C 93 min. 101 min. 
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1 Density @ 15°C 
(g/cm3) 

0.830 0.835 0.835 0.836 0.836 0.835 0.836 0.837 0.866 

2 Kinematic viscosity 
@ 40°C (cSt) 

2.69 3.03 3.05 3.08 3.12 3.04 3.07 3.16 4.19 

3 Flashpoint (°C ) 62 86 85 84 82 83 82 81 172 

4 
Pour point (°C ) -7 -2 -2.5 -2.9 -3 -2.7 -2.8 -3 -3 

5 
Cloud point (°C ) 2 7.1 7.3 7.4 7.5 7.2 7.3 7.6 6 

6 Calorific value 
(MJ/kg) 

42.00 41.44 41.70 41.95 42.30 41.80 42.00 42.40 39.20 

7 
Cetane number 48 51 54 56 57 56 57 58 52 
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Table 4.1 shows the physicochemical properties of neat biodiesels and their test fuel blends 

with the nanoparticles. The ASTM D6751 and EN 14214 biodiesel standards include 

parameters for fuel quality. 

4.2 Effect of blending of jatropha biodiesel with nanoparticles on fuel 

property of the blends 

Jatropha biodiesel has poor cold flow properties, greater viscosity, and poor oxidative 

stability compared to diesel fuel, which limits its direct implementation as a fuel [92]. Due 

to the dependency of biodiesel properties on fatty acid profile, blends of biodiesels may have 

different properties than individual biodiesels. The viscosity of jatropha biodiesel is low, 

and it has improved cold-flow qualities, but it has poor oxidation stability compared to other 

vegetable biodiesel. 

 

The production of solid wax crystal nuclei occurs when biodiesel is subjected to lower 

temperatures. The crystal nuclei develop and become visible when the temperature drops 

and this temperature is referred to as the CP (cloud point). When the temperature is reduced 

further, the crystal nuclei aggrandize and prohibit fluid from flowing freely; this temperature 

is referred to as the PP (pour point). The cold flow property is mostly affected by CP (cloud 

point) and PP (pour point) [4]. As climate conditions vary by country, a limiting value for 

CP and PP is not specified, as shown in Table 4.2.  

 

The ignition delay time is associated with the cetane number. The higher the cetane number, 

the shorter the ignition delay, and vice versa [91]. Jatropha biodiesels have a cetane number 

that is close to and within the limitations of biodiesel standards. All the nanoparticle fuel 

blends showed a higher value compared to diesel and jatropha biodiesel fuel blends. The 

viscosity of liquid fuel has an impact on the performance of fuel injection equipment and 

spray atomization, especially at low temperatures when the viscosity of the fuel will become 

less fluid [6]. The kinematic viscosity of nanoparticles jatropha biodiesel fuel blends varies 

from 3.0 to 3.2 cSt at 40°C, but it was 4.19 cSt for neat jatropha biodiesel blends. Due to 

their larger molecular mass, which is nearly three times that of diesel fuel, and their chemical 

structure, biodiesel fuel blends showed a small increase in kinematic viscosity [93]. All the 

nanoparticle fuel blends have calorific values in the range of 41.5 to 42.5 MJ/kg. Due to the 

addition of energetic nanoparticles, an increase in their values was observed in comparison 
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with pure jatropha biodiesel, which has a value of about 39.20 MJ/kg. Also, the fuel blends 

prepared with the use of both the nanoparticle, alumina and carbon multiwall nanotube 

showed higher value compared to neat diesel fuel. The presence of chemically bound oxygen 

lowers the heating properties of biodiesel by roughly 10%. Jatropha biodiesel has a greater 

cloud point and pour point than diesel fuel. Test fuel blends reported higher cloud and pour 

points than pure diesel. Jatropha biodiesel has a flashpoint of 172 °C, which is high 

compared to diesel. The ASTM D6751 and EN 14214 biodiesel standard limits were found 

to be met by all of the physicochemical properties of jatropha biodiesel, as shown in Table 

4.2.  

4.3 Nanoparticles biodiesel fuel blend preparation 

Alumina (Al2O3) and carbon multi wall nanoparticles, for the blend preparation supplied 

by Autus Nano Lab Pvt. Ltd. Ahmedabad, Gujarat, India. Generally, the XRD technique is 

used for the characterization of the physical properties of nanoparticles. Here, the XRD 

technique is used to determine the particle size of nanoparticles. XRD testing is done at the 

Sophisticated Instrumentation Center for Applied Research and testing, Anand Gujarat 

India (sponsored by DST India).  

 
FIGURE 4.1: 2 θ diagram in degree for Alumina (Al2O3) 

For the sample of Alumina (Al2O3) and carbon multiwall nanotube, XRD testing presented 

counts or intensity for 2 θ in FIGURE 4.1 and FIGURE 4.2. For the analysis of both the 

nanoparticles, the Scherrer equation as shown below [94], is used to determine the apparent 
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size, D, from X-ray diffraction (XRD) spectra, 

𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

Where D is the mean size of the ordered domains or particle size, K is the shape factor or 

Scherrer constant which varies as per the shape of the particle generally between 0.9 to 1 

as per the crystallite shape, crystallite size distribution, and the definition of the FWHM.  

 
FIGURE 4.2: 2 θ diagram in degree for carbon multiwall nanotube  

Also, λ is the radiation wavelength, β is the FWHM (full with at half maximum) of the 

reflection peak that has the same maximum intensity in the diffraction pattern (integral 

breadth of the peak located at angle θ) in radians and θ is the diffraction angle or Bragg 

angle. From the XRD analysis of both the alumina (Al2O3) and carbon multiwall 

nanoparticle, particle size found is within the limit for the blend preparation which is less 

than 100 nm. 

 

One of the more accurate methods for the analysis of nanoparticle morphology and particle 

size is TEM, especially for the observation of nanoscale structures, though it has its 

limitations, like it can't be used at a commercial level. 

 

The TEM testing of the nanoparticles is done at the Sophisticated Instrumentation Center 

for Applied Research and Testing, Anand, Gujarat India (sponsored by DST India). From 

the TEM images, the particle size of alumina (Al2O3) and carbon multiwall nanoparticles 
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as shown in FIGURE 4.3 and FIGURE 4.4, was determined to be 60nm, 5nm respectively. 

And, value is less than 100 nm which is in the limit to using as an additive with the engine 

fuel.  

 
FIGURE 4.3: TEM image of Alumina (Al2O3) 

 

 
FIGURE 4.4: TEM image of CMNT 

4.4 Droplet ignition and combustion analysis of nanoparticles biodiesel 
fuel blends 

For the droplet ignition and combustion analysis, the Jatropha biodiesel in the volume ratio 

of 20% is combined with multiwall carbon nanotube and alumina (Al2O3) in different 

proportions by weight. The droplet ignition behavior of Diesel-Jatropha biodiesel with 

nanoparticle fuel blends for the elevated temperature at atmospheric pressure in the electric 

furnace is presented in the next section. This would offer opportunities for future studies in 

the application of Jatropha biodiesel with nanoparticle blends for various combustion and 
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ignition related applications, particularly for diesel engines. A detailed analysis of the 

ignition behavior characteristics like droplet size, ignition delay time, and activation energy 

are presented for the tested fuel blends.  

4.4.1 Droplet size measurement and its calculation 

The droplet diameter is determined by considering it as an ellipse rather than a sphere. Its 

equivalent diameter value is calculated from the cubic root of the product of horizontal 

diameter square and vertical diameter of droplet [95],[56]. Images are captured by a high-

definition digital camera (1920 x 1080) for the evaluation of droplet size exactly when the 

droplet is ejected from the syringe. 

 
FIGURE 4.5: Image of Droplet formation of (a) Pure diesel, (b) BD20, (c) JBD20AL50C50 test fuels 

FIGURE 4.5 shows droplet formation for the three fuel blends, and for the remaining fuel 

blend, the same procedure is adopted. To find out the horizontal and vertical diameter, 

droplet images are analyzed with help of Image J software as shown in FIGURE 4.6. A 

mean of 10 observations was taken for each of the horizontal and vertical diameters of each 

image. A total of five images are analyzed for each test fuel blend, and the mean of them is 

considered the droplet size for each test fuel. For all the test fuel blends the analyzed values 

of equivalent droplet diameter found out are in between 400 and 430 µm. Furthermore, it 

was observed that as the proportion of nanoparticles in the fuel blends increases, so does 

the droplet diameter. 

4.4.2 Ignition delay time with temperature  

FIGURE 4.7 shows the variation of droplet ignition delay time with temperature for all the 
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tested fuel blends. For each reading, three observations were made and plotted with an error 

bar. It was observed that the delay time for the JBD20 blend is high for all the temperature 

positions. 

 
FIGURE 4.6: Droplet diameter determination with the software ImageJ 

But with the addition of nanoparticles, delay time is decreased for all the temperatures from 

5000C to 7000C [53]. As the temperature increased the chemical reaction in the nanoparticle 

blends accelerated due to heating and the catalytic effect resulted in a reduction in ignition 

time. As the amount of nanoparticle increased in the fuel blend, the effect was more 

pronounced. The ignition delay time, in comparison with D-100, for JBD20 increased by 

15.66%, whereas for JBD20AL25C25 and JBD20AL50C50, decreased by 3.61% and 

6.02% respectively, at the temperature of 7000C. Table 4.3 shows the ignition delay time 

data for the test fuel blends from the droplet ignition test. The observation table for all tested 

fuels at various temperatures is given in the Appendices for the ignition delay time with 

their average value. 

4.4.3 Activation energy 

The variation of natural logarithmic ignition delay time to the reciprocal of temperature for 

the temperature range for the tested blends is plotted in FIGURE 4.8. The activation energy 

can be determined by the well-known Arrhenius equation [96], 
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Table 4.3: Ignition Delay time for the fuel blends 
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500 2.97 3.16 3.08 2.99 2.88 3.03 3.01 2.81 

550 2.33 2.55 2.46 2.37 2.29 2.39 2.36 2.23 

600 1.85 2.02 1.97 1.9 1.82 1.95 1.87 1.79 

650 1.33 1.57 1.52 1.46 1.31 1.41 1.36 1.29 

700 0.83 0.96 0.92 0.87 0.8 0.89 0.84 0.78 

 

 
 
 

 

 

 

 

 

 

 

 

The activation energy can be evaluated by the slope of the above graph. The activation 

energy in comparison with the JBD20 blend, for the nanoparticles blend JBD20AL25, 

JBD20AL50, JBD20AL25C25, JBD20C25, JBD20C50 and JBD20AL50C50 was 

increased by 1.42%, 3.62%, 7.52%, 2.83%, 7.13%, and 7.58% respectively. Table 4.4 

shows the natural logarithmic ignition delay time with the reciprocal of temperature. 

 

These results confirm that the addition of nanoparticles to the JBD20 fuel increases the 

FIGURE 4.7: Variation of Droplet ignition delay time to temperature 
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activation energy. The surface area to volume ratio increased due to the addition of 

nanoparticles, which gave enhanced activation energy. 

Table 4.4: Ignition delay data in terms of the reciprocal of temperature as a function of the natural log 

of time 
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 500 0.00129 1.089 1.151 1.125 1.095 1.058 1.109 1.102 1.033 

550 0.00122 0.846 0.936 0.900 0.863 0.829 0.871 0.859 0.802 

600 0.00115 0.615 0.703 0.678 0.642 0.599 0.668 0.626 0.582 

650 0.00108 0.285 0.451 0.419 0.378 0.270 0.344 0.307 0.255 

700 0.00103 -0.186 -0.041 -0.083 -0.139 -0.223 -0.117 -0.174 -0.248 

 

Table 4.5: Activation energy Ea for the test fuel blends 

Fuel Blend Activation energy Ea Joule/mol 

D100 39860.76 

JBD20 37250.12 

JBD20AL25 37779.06 

JBD20AL50 38598.99 

JBD20AL25C25 40049.68 

JBD20C25 38303.87 

JBD20C50 39904.59 

JBD20AL50C50 40071.94 

 

Also, from the results, among the tested nanoparticle fuel blends, the multiwall carbon 

nanotube nanoparticles were more effective compared to the alumina for the activation 

energy and magnitude of 50 ppm. Table 4.5 shows the activation energy for the fuel blends. 

4.4.4 Droplet combustion 

In FIGURE 4.9, images of the stages of droplet combustion are depicted. In stage-I, 

preheating and ignition of the droplet was started at a temperature of 7000C inside the 
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furnace. Here the evaporation started on the outer surface of the droplet due to heat transfer 

and vapor formed around the droplet surface. 

 

 

 

 

 

 

 

 

 

The size of the droplet swelled slightly and decreased because of heat transfer due to 

evaporation. Due to this, the size of the droplet decreased and the temperature increased 

quickly. Then in stage-II, classical droplet combustion was observed, which is identical to 

conventional droplet combustion. The diameter of droplets decreases due to quick 

evaporation and convective heat transfer [52].  

 
FIGURE 4.9: Stages of Droplet combustion for test fuel blends 

However, the temperature history of the droplet differs from that of a single-particle 

droplet. The droplet diameter decreased steadily, as predicted by the D2 law [46]. A small 

number of nanoparticles were ignited in the first stage, and the burning particles rose 

quickly. The bubbles grew bigger and bigger and eventually merged into a single big 

bubble. The stage was brought to a close when the big bubble burst. 

FIGURE 4.8 Variation of reciprocal of temperature as a function of the natural log of time 



Results and discussion 

72 
 

Table 4.6: Numerical data of various combustion parameters for all test fuels at all loads 

Fuel Load 
(kg) 

Maximum 
Pressure (bar) 

Mass fraction 
burned at angle 

Net Heat 
Release Rate 

(J/0CA) 

Rate of pressure 
rise (bar/0CA) 

Max 
pressure 

Angle 
(o) 

10% 
burn 

(SOC) 

90% 
burn 

(EOC) 

Max 
HRR 

Angle 
(o) 

Max 
RPR 

Angle 
(o) 

Diesel 

0 44.15 367 -5.96 11.04 15.32 358 1.83 358 
3 51.68 366 -6.74 9.93 25.29 355 3.19 355 
6 57.65 366 -7.98 10.1 37.78 353 4.52 353 
9 63.12 365 -8.98 9.05 53.03 352 5.98 352 

12 67.94 366 -9.29 13.69 56.71 352 6.4 352 

JBD20 

0 45.36 366 -6.36 10.89 16.48 357 2.13 356 
3 51.62 366 -7.42 11.29 26.09 354 3.33 354 
6 58.45 366 -8.6 11.48 41.67 353 4.93 353 
9 64.41 365 -9.31 12.25 53.4 352 6.05 352 

12 67.52 367 -9.75 12.57 66.24 351 7.15 351 

JBD20 

AL25 

0 45.34 366 -6.52 9.62 17.05 357 2.19 356 
3 51.37 365 -7.46 9.61 26.43 355 3.33 355 
6 58.19 366 -8.52 9.75 40.66 353 4.83 353 
9 62.91 366 -8.88 12.56 52.00 352 5.88 352 

12 68.20 366 -9.25 12.11 56.31 352 6.34 352 

JBD20 

AL50 

0 45.37 366 -6.71 9.82 15.75 357 2.09 356 
3 52.11 366 -7.91 8.29 25.12 354 3.26 354 
6 56.53 365 -8.74 11.36 34.63 353 4.25 353 
9 63.88 366 -8.83 12.34 56.64 352 6.36 352 

12 67.5 366 -9.5 13.39 53.74 351 5.96 351 

JBD20 

AL25C25 

0 45.34 366 -6.5 9.72 16.45 356 2.19 356 
3 51.74 366 -7.51 9.89 26.36 354 3.36 354 
6 57.08 366 -8.47 10.87 38.26 353 4.58 353 
9 63.19 366 -9.26 12.08 53.45 352 6.05 352 

12 67.69 367 -9.66 13.5 62.13 351 6.77 351 

JBD20 

C25 

0 45.05 366 -6.33 10.13 15.67 357 2.03 356 
3 51.81 366 -7.67 10.04 27.09 354 3.44 354 
6 57.61 366 -8.39 12.43 41.42 353 4.9 353 
9 63.37 366 -8.99 12.18 52.57 352 5.95 352 

12 67.6 367 -9.62 11.7 59.18 351 6.48 351 

JBD20 

C50 

0 45.18 366 -6.79 9.89 15.83 357 2.12 356 
3 51.72 366 -7.52 9.53 26.26 354 3.36 354 
6 57.86 366 -8.39 12.9 39.6 353 4.73 353 
9 63.48 366 -9.34 11 56.1 352 6.31 352 

12 67.4 366 -9.65 13.34 65.74 351 7.09 351 

JBD20 

AL50C50 

0 45.27 367 -6.67 9.88 15.85 357 2.02 357 
3 51.77 366 -7.18 10.55 26.07 355 3.3 355 
6 58.00 366 -8.37 9.67 39.67 353 4.73 353 
9 62.52 366 -9.11 9.32 50.17 352 4.73 352 

12 67.22 367 -9.79 13.53 63.18 351 6.88 351 

In Stage-III, nanoparticles and droplets were ejected simultaneously, resulting in a local 

flame of nanoparticle droplet flame. In this stage, sputtering of the nanoparticles was 

observed. Then a sudden drag in the flame and the extinction of it occurred. After the 
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extinction of the local flame at the end, nanoparticle residues were found on the wire. 

4.5 Performance analysis of Jatropha biodiesel nanoparticles diesel fuel 
blends 

The objective of this section is to look into how biodiesel, nanoparticles, and oxygenated 

fuel blends affect engine combustion, performance, and emission characteristics. At 

constant engine speeds and varying load conditions. Studies were done using D100, JBD20, 

and JBD20 combined with various proportions of alumina and carbon nanotube 

nanoparticle fuel blends. In terms of confirmations of achieved results with previous 

literature studies, all test results were compared to the reference fuel diesel. 

4.6 Combustion characteristics 

The compression ignition principle is used in diesel engines. The peak cylinder pressure in 

a compression ignition engine is determined by the burned fuel fraction during the 

premixed burning phase. The ability of the fuel to mix well with air and burn is measured 

by the cylinder pressure. Table 4.6 summarises the key numerical data for various engine 

combustion parameters for all tested fuel blends at all loads. The next part presents a 

detailed analysis of ignition delay, cylinder pressure, net heat release rate, mass fraction 

burned, rate of pressure rise, and mean gas temperature with the crank angle rotation. The 

variation of ignition delay for load for all the test fuel blends nanoparticle jatropha 

biodiesel-diesel blends and mineral diesel from no load to full load condition is shown in 

FIGURE 4.10. 

4.7 Ignition delay  

In all cases, the ignition delay decreases as the load is increased, as seen in FIGURE 4.10. 

Furthermore, it can be seen that the ignition delay is highest in the case of JB20 at no load 

and lowest in the case of JBD20AL50C50 blend at full load [33]. The ignition delay is 

longer when there is no load, which is owing to the higher viscosity of the JB20, which 

causes poor fuel atomization. However, as the load increases, the temperature of the 

combustion chamber rises, decreasing the viscosity of the JB20 blend and leading to a 

shorter ignition delay. Among all the test fuel blends, the minimum ignition delay was 

observed for the fuel blend JBD20AL50C50 at full load condition [67]. The SOC in terms 

of crank angle is 9.290, 9.750 and 9.790 before TDC for the neat diesel, JBD20, and 

JBD20AL50C50 fuel blends, for the full load condition, respectively.  
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The ignition delay in terms of crank angle is 15.710, 15.250 and 15.210 before TDC for the 

neat diesel, JBD20, and JBD20AL50C50 fuel blends, for the full load condition, 

respectively [97],[98]. 

 

Increasing the load increased the residual gas and wall temperature, which led to a higher 

charge temperature at injection. Ignition delay decreased with an increase in the 

concentration of biodiesel in biodiesel blends with diesel. The higher cetane number of fuel 

starts the ignition earlier, leading to a shorter fuel burn-up time for the engine using this 

fuel [99]. The delay for biodiesel is significantly lower than diesel. This may be attributed 

to the higher combustion temperature and exhaust gas dilution at higher load. The oleic and 

linoleic fatty acid methyl esters included in the biodiesel are divided into smaller 

components when it enters the combustion chamber, resulting in larger spray angles and 

thus earlier ignition [100]. Better atomization, improved ignition qualities and cetane 

number, fast evaporation and increased surface area-to-volume ratio of nanoparticles 

during combustion in the engine cylinder may be responsible for the shortened ignition 

delay nanoparticles fuel blends [19][50]. 

 
FIGURE 4.10: Variation of ignition delay with load for all test fuel blends 

4.8 Cylinder pressure vs. crank angle  

The variation in-cylinder pressure with crank angle rotation is shown in FIGURE 4.11 (a) 
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to (e). For the diesel engine, maximum pressure attained with the crank angle is mainly 

dependent on the mass of fuel burned in the premixed phase of the combustion. It is 

characterized by the ability of the fuel to mix well with the air and prepare the combustible 

mixture before the start of combustion. After the start of combustion, pressure rise is very 

rapid because during the delay period the fuel droplet has enough time to spread over the 

wide area of the combustion chamber, also they have a sufficient amount of fresh air around 

them. The cylinder pressure is observed maximum, at the end of the premixed phase of 

combustion. Also, the peak pressure is depended upon the type of fuel, properties of the 

fuel, type of engine, and air fuel ratio [76],[101]. For no load condition, the peak pressure 

for D-100, JBD20, JBD20AL25C25 and JBD20AL50C50 is 44.45 bar, 45.36 bar, 45.34 

and 45.27 bar respectively, occurred at 367, 366, 366 and 367 0CA. Higher physical delay 

period for the diesel and biodiesel blends at lower load resulted in delayed start of 

combustion which found lower peak cylinder pressure. Moreover, as the load decreased 

exhaust gas temperature and combustion chamber wall temperature also decreased which 

significantly affected the delay period which further reduced the peak pressure at lower 

load [101]. 

 

(a) 
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(b) 

 

(c) 
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(d) 

 
 

(e) 

FIGURE 4.11: Cylinder pressure with respect to crank angle for the test fuel blends at (a) no load, 

(b) 3 kg load, (c) 6 kg load, (d) 9 kg load, and (e) 12 kg (full load) 

For the full load condition, peak pressure for D-100, JBD20, JBD20AL25C25 and 
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JBD20AL50C50 was 67.94 bar, 67.52 bar, 67.69 bar and 67.22 bar, occurred at 366, 367, 

367 and 367 0CA respectively. As the load increased the peak pressure for all the blends 

also increased, but it was found to occur at an almost identical crank angle position for all 

the blends. The peak pressure decreased by 0.37%, 0.80% and 1.07% for the 

JBD20AL25C25, JBD20C50 and JBD20AL50C50 blends in comparison with D-100 for 

the full load condition. It was noticeable that the combined use of nanoparticles, carbon 

multiwall nanotube and alumina along with the higher amount proved more effective with 

the jatropha biodiesel in comparison to other fuel blends. Cylinder pressure trends are 

almost similar for all test fuels and the peak cylinder pressures occur at nearly the same 

crank angle position. Similar findings were made when nanoparticles were incorporated to 

fuel blends, and this tendency was due to possibly shorter igniting delays [71],[76]. 

4.9 Net heat release rate vs. crank angle 

With the addition of nanoparticles, improvement in combustion was observed and energy 

was also effectively utilized. Also, enhanced the energy during the combustion because of 

the increased surface to volume ratio due to which an increment in heat release rate was 

observed. Also, there is a reduction in the ignition delay attributed to higher peak pressure 

and a faster heat release rate. Adding nanoparticles create smaller droplets, lower fuel 

viscosity and expose to the higher effective fuel surface. FIGURE 4.12 (a) to (e) shows the 

net heat release rate to crank angle for the test fuel blends.  
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(a) 

 

(b) 
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(c) 

 

(d) 
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(e) 

FIGURE 4.12: Net heat release rate to crank angle for the test fuel blends at (a) no load, (b) 3 kg 

load, (c) 6 kg load, (d) 9 kg load, and (e) 12 kg (full load) 

The addition of nanoparticles leads to oxidizing the carbon deposits, less fuel consumption 

and a higher surface area to volume ratio due to the catalytic effect of nanoparticles [75]. 

The improved fuel’s thermal conductivity increased the combustion speed due to the 

enhanced radiative heat transfer, which greatly enhanced the combustion efficiency 

[71],[102]. The total combustion duration is considered as time from the start of heat release 

to the end of the heat release. For all the tested fuel blend net heat release rate plot shape 

was found identical for the diffusion flame phase. For the biodiesel nanoparticles fuel 

blend, the net heat release rate was found to increase, which may be due to higher oxygen 

content in biodiesel, adding to a higher surface-to-volume ratio of nanoparticles [76]. 

  

For the ignition delay period, the fresh charge was inducted into the cylinder which 

accumulated in the chamber having a lower temperature compared to the cylinder gases. 

Due to this reason, a negative heat release rate plot was observed during the delay period. 

Once the combustion initiates, the heat release rate becomes positive. After the delay 

period, rapid and uncontrolled combustion was observed because of the ample amount of 

oxygen available for each droplet of the fuel. It was then followed by diffusion or controlled 
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combustion, during which the cycle temperature reached its peak [101],[30]. 

 

For the diesel blend, the maximum net heat release rate was 15.32 J/0CA at 20 before TDC 

for no load condition, whereas 56.71 J/0CA at 80 before TDC for a full load condition. In 

comparison to diesel, among the nanoparticles blends, JBD20AL25C25, JBD20C50 and 

JBD20AL50C50 net heat release rate increased by 6.87%, 3.22% and 3.34% at 40 ,30 and 

30 respectively before TDC for no load condition, and 8.72%, 13.74% and 10.24% at 90, 90 

and 90 before TDC respectively for full load condition. At higher engine loads, heat release 

during the mixing control combustion phase increases for all test fuels due to the increasing 

quantity of fuel injected. Due to the catalytic effect of energetic nanoparticles, the heat 

release rate increased in comparison with D-100 at full load conditions.  

4.10 Mass fraction burned vs. crank angle 

The most important parameter in the engine combustion analysis is the ignition delay time. 

Many researchers have established the relation between mass fraction burned and ignition 

delay. The time duration between the start of injection and start of combustion during which 

nuclei formation takes place and detectable change in pressure observed is known as delay 

time. For the determination of the start of combustion, the first flame appearance, detected 

by the luminosity detector but in actual practice, the detection of flame appearance is later 

than the pressure rise [103]. It has a great influence on engine noise, vibration, efficiency 

and emission.  The important factor on which, the delay depends is air pressure and 

temperature and the amount of oxygen in the air. cetane number is the indication of fuel 

ignition properties like ignition delay time and combustion quality [76]. Also as the cetane 

number of the fuel increased the delay decreased. As each biodiesel, the fuel chemical 

structure is changed so its fuel properties also vary accordingly [28]. It is conceptualized that 

10% and 90% of the mass fraction burned observation for the crank angle rotation, termed 

as the start of combustion and end of combustion respectively [30]. The mass fraction burned 

to crank angle for the test fuel blends is shown in FIGURE 4.13 (a) to (e). 

 

SOC timing for D100 and JBD20, JBD20A25, JBD20A50, JBD20A25C25, JBD20C25, 

JBD20C50 and JBDA50C50 blends, for no load condition were -5.960, and -6.360, -6.520, -

6.710, -6.50, -6.330 -6.790, and -6.670CA , whereas for full load condition, -9.290, -9.750, -

9.250, -9.50, -9.660, -9.620,-9.650, and -9.790CA respectively (-ve sign indicates before 

TDC). SOC timing for the full load condition decreased by 4.95%, 3.98% and 5.38% for the 
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JBD20, JBD20AL25C52 and JBD20AL50C50 blends in comparison with D-100. At all the 

engine load condition, combustion starts earlier for nanoparticle blends than for diesel. This 

is owing to a short ignition delay and advanced injection timing for biodiesel (because of a 

higher bulk modulus and higher density of biodiesel). Ignition delay for all the fuels 

decreases as the engine load increases because the in-cylinder gas temperature is higher at 

high engine loads, therefore it reduces the physical ignition delay period [104].  

 

(a) 
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(b) 

 

(c) 
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(d) 

 
 

(e) 

FIGURE 4.13: Mass fraction burned with respect to crank angle for the test fuel blends at: (a) no 

load, (b) 3 kg load, (c) 6 kg load, (d) 9 kg load, and (e) 12 kg (full load) 

The delay period mainly affects combustion duration and its parameters, which are directly 
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dependent on fuel cetane number. With the addition of nanoparticles, the cetane number of 

the fuel blends increases. To a certain extent, as the cetane number increases, the delay 

period decreases, but the excess increase in cetane number may deteriorate the ignition 

formation characteristics of the fuel [73]. 

4.11 Rate of pressure rise vs. crank angle   

The rate of pressure rise is very strongly related to engine operation. It is one of the most 

important combustion characteristics to avoid knocking. Evidently, it also affects noise, 

smooth operation, and durability of the engine. The permissible limit for the entire engine 

running condition for rate of pressure rise is that it should be less than 8 bar/0CA [105]. For 

all the tested fuel blends, it was found in the limit. For the lower load condition for diesel 

fuel rate of pressure rise found low because at lower load very less fuel burned and 

combustion start near to TDC. At higher load condition rate of pressure rise increased 

because large amount of heat liberating in premixed phase [106]. For nanoparticles 

biodiesel fuel blend, higher amount of oxygen with higher surface area to volume ratio the 

rate of pressure rise was high in comparison with diesel for full load. The variation in 

pressure was found in combustion after the completion of compression [76]. 

 

(a) 
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(b) 

 

(c) 
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(d) 

 

(e) 

FIGURE 4.14: Rate of pressure of rise with respect to crank angle for the test fuel blends at: (a) no 

load, (b) 3 kg load, (c) 6 kg load, (d) 9 kg load, and (e) 12 kg (full load) 

For the test fuel blends the rate of pressure rise with respect to crank angle for the test fuel 
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blends for the various loads is shown in FIGURE 4.14 (a) to (e). The maximum rate of 

pressure rise for diesel fuel was varied, from 1.83 bar/0CA at 3580CA for no load condition, 

to 6.40 bar/0CA at 3520CA for a full load condition. The highest value for the maximum 

rate of pressure rise occurred for the JBD20 blend which was 7.15 bar/0CA at 3510CA, and 

lowest value occurred for JBD20AL50 blend which was 5.96 bar/0CA at 3510CA for the 

full load condition among the tested fuel blend. For JBD20A50C50 blend, it was varied 

from 2.02 bar/0CA at 3570CA for no load to 6.88 bar/0CA at 3510CA for full load. 

4.12 Mean Gas temperature variation vs. crank angle   

The variation in the mean gas temperature in relation with the variation in load for test fuel 

blends is shown in FIGURE 4.15 (a) to (e). With the increase in load, fuel burning in the 

cylinder tends to increase, which leads to a higher temperature of cylinder and exhaust gas. 

At the end of the combustion process, exhaust gases leave the combustion chamber and are 

emitted into the atmosphere. 

 

(a) 
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(b) 

 

(c) 
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(d) 

 

(e) 

FIGURE 4.15: Mean gas temperature with respect to crank angle for the test fuel blends at: (a) no 

load, (b) 3 kg load, (c) 6 kg load, (d) 9 kg load, and (e) 12 kg (full load) 

At high temperatures, exhaust gases react with each other in order to constitute a new 
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formation. From the observations, it was found that lower mean gas temperature resulted 

into higher thermal efficiency due to conversion of high amount of heat energy [105]. Due 

to the addition of nanoparticles in the fuel blends, a reduction in ignition delay was found 

which ultimately led to lower peak pressure and exhaust gas temperature [71], [107]. For 

all the blends, the gas temperature was found to be lower compared to JBD20. In 

comparison with the D-100 and JBD20 fuel blends at full load, gas temperature decreased 

by 1.59 % and 2.33%, respectively, for the JBD20AL50C50 blend. 

4.13 Performance characteristics of nanoparticles biodiesel blends 

The engine performance was tested in respect of brake power, brake specific fuel 

consumption, brake thermal efficiency, and mechanical efficiency in the tests, which were 

performed using nanoparticles, biodiesel, and diesel blends. The engine tested in these tests 

was made by Kirloskar and was a single-cylinder, water-cooled, four-stroke diesel engine.  

 

For each load measurement for the performance and emission test observations, the engine 

was run for a sufficient time to stabilize, and then readings were noted. Each new fuel blend 

was tested with extreme care by completely draining the fuel from the prior fuel blend's 

fuel line. Additionally, after running the engine for a significant amount of time, 

measurements were obtained for each different fuel blend. The engine's technical 

specifications are listed in Table 3.5. Table 4.7 lists the density and calorific value of test 

fuel blends. 

Table 4.7: Density and calorific values of test fuel blends 

Test Fuel Density (kg/m3) Calorific value ( kJ/kg) 

D100 830 42000 

JBD20 

 

835 41440 

JBD20AL25 

 

835 41700 

JBD20AL50 

 

836 41950 

JBD20AL25C25 836 42300 

JBD20C25 835 41800 

JBD20C50 836 42000 

JBD20AL50C50 837 42400 

The observation table for all tested fuels at various loading conditions is shown in Table 

4.8. The result table and sample calculations are given in the Appendices.
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Table 4.8: Observation table for the test fuel blends at various load 

Load Fuel Load(kg) 

Fuel 
consumption 

in 60 sec. 
(cc/min) 

Air 
intake 

pressure 
in mm 

of water 
column 

Engine 
cooling  
water 
flow 
(lph) 

Engine 
Cooling 
water 
inlet 
temp 
(oC) 

Engine 
Cooling 
water 
outlet 
temp 
(oC) 

Calorimeter 
gas inlet 

temp.  (oC) 

Calorimeter 
gas outlet 

temp.  (oC) 

calorimeter 
cooling  

water flow 
(lph) 

No 

load 

D100 0.11 9 67.62 150 30.97 33.96 115.26 104.96 100 

JBD20 0.11 8 68.71 150 31.17 34.67 129.94 119.36 100 

JBD20AL25 0.12 9 68.62 150 30.8 34.65 121.71 110 100 

JBD20AL50 0.11 8 67.78 150 30.84 34.77 119.93 108.3 100 

JBD20AL25C25 0.11 8 66.19 150 31.63 35.25 127.15 116.27 100 

JBD20C25 0.12 9 66.44 150 31.4 34.22 117.29 105.89 100 

JBD20C50 0.12 9 65.94 150 31.7 35.09 125.55 113.99 100 

JBD20AL50C50 0.14 9 66.74 150 31.35 34.93 121.58 111.56 100 

3 kg 

D100 3.16 12 65.74 150 31.04 35.17 148.09 132.8 100 

JBD20 3.23 11 65.95 150 31.17 35.6 156.85 141.74 100 

JBD20AL25 3.23 12 65.76 150 30.81 36.2 158.15 141.04 100 

JBD20AL50 3.07 12 66 150 31.32 36.4 154.3 137.58 100 

JBD20AL25C25 3.02 11 63.7 150 31.61 36.15 158.47 141.9 100 

JBD20C25 3.13 12 64.76 150 31.42 35.57 155.96 137.7 100 

JBD20C50 3.22 12 63.89 150 31.7 36.18 161.1 143.36 100 
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JBD20AL50C50 3.28 12 63.64 150 31.33 36.02 155.72 139.5 100 

6 kg 

D100 6.09 15 62.72 150 31.03 37.06 188.76 167.37 100 

JBD20 6.08 15 61.94 150 31.19 37.1 196.7 176.17 100 

JBD20AL25 6.2 15 64.22 150 30.81 38.69 200.67 175.75 100 

JBD20AL50 5.96 15 62.67 150 31.34 38.87 195.47 171.93 100 

JBD20AL25C25 5.97 15 61.13 150 31.6 37.71 196.91 173.74 100 

JBD20C25 6.07 15 61.74 150 31.45 36.94 195.15 171.4 100 

JBD20C50 6.17 16 62.91 150 31.69 37.9 204.27 180.43 100 

JBD20AL50C50 5.98 15 61.63 150 31.34 37.76 193.19 171.37 100 

9 kg 

D100 9.05 19 60.47 150 31.07 39.99 233.36 207.04 100 

JBD20 9.05 19 60.32 150 31.18 39.37 230.4 207.05 100 

JBD20AL25 8.84 19 62.53 150 30.84 42.12 242.49 212.99 100 

JBD20AL50 9.01 19 60.34 150 31.4 42.42 240.26 211.28 100 

JBD20AL25C25 9.01 19 59.79 150 31.61 39.84 237.45 210.6 100 

JBD20C25 9.03 19 59.99 150 31.47 39.03 236.8 208.77 100 

JBD20C50 9.05 19 58.03 150 31.72 39.7 243.3 215.14 100 

JBD20AL50C50 9.1 19 60.87 150 31.28 39.8 235.66 208.78 100 

12 kg 

D100 11.86 22 58.49 150 31.08 42.94 285.62 249.76 100 

JBD20 12.05 23 59.36 150 31.21 44.18 286.89 253.04 100 

JBD20AL25 12.05 23 59.54 150 30.8 45.64 299.26 259.12 100 
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JBD20AL50 11.94 22 57.94 150 31.45 46.47 297.71 257.54 100 

JBD20AL25C25 12.05 23 57.94 150 31.52 43.1 294.75 256.89 100 

JBD20C25 11.85 23 57.82 150 31.47 41.71 292.37 253.43 100 

JBD20C50 11.95 23 57.95 150 31.73 42.66 299.68 259.44 100 

JBD20AL50C50 11.96 23 58.47 150 31.31 42.57 280.72 245.36 100 
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4.13.1 Brake power 

The variation of brake power with respect to load for all the test fuel blends nanoparticles 

jatropha biodiesel-diesel blends and mineral diesel from no load to full load condition is 

shown in FIGURE 4.16. 

 
FIGURE 4.16: Variation of brake power with load for all test fuel blends 

The brake power produced by the engine is determined by the engine speed and torque. 

The brake power increased steadily as the load increased for all test fuel blends. When 

compared to neat JBD20 and neat diesel, the JBD20AL50C50 blend has a little 

improvement in brake power due to higher combustion efficiency [108]. The brake power 

is 3.38 kW and 3.40 kW for the JBD20AL25C25 and JBD20AL50C50 nanoparticle fuel 

blends, whereas for D100 it is 3.32 kW, for the full load condition. The addition of 

nanoparticles to diesel and biodiesel blended fuel improves engine performance parameters 

such as engine power and torque yield [109]. 

4.13.2 Brake specific fuel consumption 

The variation of specific fuel consumption with engine load conditions for the test fuel 

blends of Diesel, JBD20, and their blends with alumina (Al2O3) and carbon multiwall 

nanoparticles in varying proportions by weight is shown in FIGURE 4.17. At full load, 

brake specific fuel consumption was observed to be lower for all blends developed with 
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nanoparticles than for JBD20 blends. In addition, when comparing D100 to 

JBD20AL25C25 and JBD20AL50C50 blends, BSFC is found to be lower at full load. At 

full load, 0.330 kg/kWh, 0.359 kg/kWh, 0.327 kg/kWh, and 0.325 kg/kWh are observed 

for D100, JBD20, JBD20AL20C25, and JBD20AL50C50 blends, respectively. BSFC is 

the minimum for the maximum amount of nanoparticles in fuel blends, which is 50 ppm by 

weight. 

 
FIGURE 4.17: Variation of brake specific fuel consumption with load for all test fuel blends 

Nanoparticle fuel blends have a greater surface-to-volume ratio, resulting in a catalytic 

reaction in fuel blends. [15]. As a result of the increased carbon oxidation, the fuel burns 

more completely, and the BSFC of the created fuel blend with nanoparticles is reduced. 

[36],[35],[14]. The main factors could be improved atomization due to nanoparticle 

addition and the superior combustion properties of metal oxide nanoparticles. Furthermore, 

the higher brake thermal efficiency is explained by the improved surface area to volume 

ratio as well as improved chemical reactivity of nanofluid [110]. The use of nanoparticles 

increased thermal efficiency and resulted in high BTE values. In previous studies, similar 

findings were also observed [102],[111].  

4.13.3 Brake thermal efficiency 

The variation of brake thermal efficiency with engine load is shown in FIGURE 4.18. At 
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full load, the JBD20AL50C50 blend has the highest brake thermal efficiency (BTE) 

compared to all the test fuel blends. When compared to the JBD20 and D100 at full load, 

BTE increased by 7.37% and 0.67%, respectively. Micro-explosion is observed, following 

the classic droplet combustion stage, during which very high pressure is built up in the 

primary fuel droplet, which then explodes into very small, tiny fuel droplets, resulting in 

improved combustion and fuel evaporation [46],[20]. Also, BTE increased partly due to, a 

higher amount of oxygen content present in the prepared fuel blends. The use of alumina 

blends resulted in longer and more complete combustion, which behaved as an oxygen 

buffer, increasing brake thermal efficiency. The improved combustion characteristics are 

owing to an increased surface area volume ratio, which permits more fuel to react with air, 

resulting in increased thermal efficiency [112],[113],[114]. 

 
FIGURE 4.18: Variation of Brake thermal efficiency with load for all test fuel blends 

BTE increased when the proportion of nanoparticles in the fuel blend was increased by 25 

ppm to 50 ppm. BTE increased by 2.97%, 3.79%, and 0.31% at full load for the 

nanoparticle-based blends JBD20AL50, JBD20C50, and JBD20AL50C50, respectively, 

when compared to blends JBD20AL25, JBD20C25, and JBD20AL25C25. 

4.13.4 Emission characteristics 

Important regulated emission characteristics include smoke, carbon monoxide, unburned 
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hydrocarbons, and nitrogen oxide. For all test fuel blends, emissions are measured at 

various engine loads and compared to diesel. Both engine operating conditions and design 

affect the profile and percentage of these unburned hydrocarbons in the exhaust emissions. 

Emissions from incomplete fuel combustion and lower flame temperatures, such as NOx, 

and emissions from high flame and combustion chamber temperatures, such as HC and CO. 

Incomplete combustion of the air-fuel mixture, a short combustion cycle time in the engine, 

or a lower combustion chamber temperature all produce carbon monoxide. On the other 

hand, incomplete fuel compromise would result in the discharge of unburned hydrocarbons 

into the exhaust stream. 

4.13.5 Smoke opacity 

FIGURE 4.19 shows the variation in smoke opacity with the load during engine testing for 

all of the developed fuel blends. Smoke opacity increased as the engine load increased to 

part load for all blends, but reduced as the engine load increased to full load. As compared 

to diesel and JBD20 blends, the addition of alumina (Al2O3) nanoparticles and carbon 

multiwall nanotube resulted in lower smoke for all blends at full load. It might be due to 

the higher amount of oxygen present in alumina [35]. The amount of fuel consumed in the 

diffusion combustion phase is reduced as a result of the use of nanoparticles, leading to 

lower smoke emissions. When compared to low and part-load conditions, reduced smoke 

emissions are also more prevalent at higher power outputs [115]. It is lower for carbon 

multiwall nanotube fuel blends, apparently due to more complete burning in the diffusive 

phase [38]. Smoke opacity was found to be reduced by more than 20% for all blends under 

the full load condition. With the use of nanoparticles at higher loads, the combustion 

efficiency improves, suppressing soot production in the engine cylinder because the higher 

temperature in the burning promotes the chemical reaction, resulting in less smoke than 

with lower loads [39],[107]. 

 

Smoke opacity is 16.9%, 16.4 %, 14.9 %, 13.7 %, 13.9 %, 11.1 %, 9.3 %, and 11.9 % for 

the fuel blends D100, JBD20, JBD20AL25, JBD20AL50, JBD20AL25C25, JBD20C25, 

JBD20C50, and JBD20AL50C50, respectively. 

4.13.6 NOx Emission 

FIGURE 4.20 depicts the variation in NOx emission with load for all fuel test blends. As 

the load is increased, NOx emissions increase steadily for all the fuel test blends. When 
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compared to diesel, JBD20 has a higher NOx emission. D100 and JBD20 have 610 ppm 

and 662 ppm, respectively. The main cause of NOx emissions is increased oxygen 

temperature during combustion. 

 
FIGURE 4.19: Variation of smoke with load for all test fuel blends 

The NOx emission is higher because Jatropha biodiesel is a more oxygenated fuel. The 

addition of nanoparticles that absorb heat from oxygen during combustion results in more 

controlled combustion which leads to lower NOx emissions [15],[116],[110]. 
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FIGURE 4.20: Variation of NOx with load for all fuel blends 

In addition, the effect of the shorter ignition delay period affects NOx reduction [35]. In 

comparison to diesel and Jatropha biodiesel blends, NOx emissions are lower in all 

nanoparticle-based blends. It is 524 ppm and 479 ppm, respectively, with the addition of 

25 ppm and 50 ppm of each nanoparticle by weight with JBD20. It is found as a minimum 

among all blends, JBD20AL50C50. 
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4.13.7 Hydrocarbon (HC) emission 

 
FIGURE 4.21: Variation of HC with load for all test fuel blends 

The variation of HC emissions with load is shown in FIGURE 4.21. When the proportion 

of carbon multiwall nanotubes in the fuel blends JBD20C25 and JBD20C50 increased, HC 

emissions increased as well, compared to the D100 and JBD20 fuel blends at full load. The 

reduction in oxygen causes an increase in HC emission, which leads to a higher carbon 

activation temperature and a greater amount of carbon multiwall nanotube nanoparticles 

[36]. The maximum HC emission observed among all prepared blends for the JBD20C50 

fuel blend is 43 ppm, whereas the minimum observed among all prepared blends for the 

JBD20AL50C50 fuel blend is 29 ppm. The reduction in HC has been mostly due to 

alumina's role as an oxygen catalyst for the combined fuel of both the nanoparticles’ fuel 

blends [35],[117],[80]. 
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4.13.8 Carbon monoxide (CO) emission 

 
FIGURE 4.22: Variation of CO with load for all test fuel blends 

For all of the developed blends, the effect of variation in CO emission with a change in 

load is represented in FIGURE 4.22. As the engine load increased, the percentage of 

CO emissions also increased. Incomplete combustion owing to a lack of oxygen or a low 

cylinder gas temperature is the main source of CO emissions [39],[37]. CO formation is 

also influenced by the thermo-physical properties and chemical properties of the fuel [33]. 

Alumina nanoparticles act as oxidation catalysts and promote more complete combustion 

[35]. Due to lower ignition delay and accelerated fuel-air mixing burning characteristics 

are enhanced which lower CO formation in the alumina nanoparticles blends. Due to a 

shorter ignition delay, combustion is enhanced. CO emissions are reduced as a result of a 

shorter ignition delay, improved fuel-air mixing, and more uniform combustion 

[118],[119]. The nanoparticle blended fuels showed a reduction in CO emissions, which 

could be owing to the increased surface area/volume ratio and higher catalytic activity of 

the alumina nanoparticles in the fuel blend [108]. For the fuel blend JBD20AL50C50, it is 

observed that the minimum among all prepared blends is 0.08% by volume. But for the 

carbon multiwall nanotube fuel blend, there is a somewhat higher CO emission due to a 

reduction in oxygen due to incomplete combustion [36]. For the fuel blend JBD20C50, it 

was observed that the maximum among all prepared blends is 0.12% by volume.  
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CHAPTER-5 

 

5 Conclusions and Future Scope 

 
 

In a fast-growing country like India, using alternative sources is a major priority in order 

to become a worldwide leader in the market, encourage renewable energy consumption, 

sustainable development, and the implementation of projects like Make in India, Swachh 

Bharat Mission, as well as minimise fuel export dependency and environmental issues. 

Researchers conducted experiments with vegetable oils and biodiesel as petroleum fuel 

substitutes. Esterification is a process that brings about a change in the molecular structure 

of vegetable oil molecules. The viscosity of vegetable oil is drastically reduced after 

esterification. A 20% blend of biodiesel with mineral diesel improved the cetane number 

of diesel. It also enhances emission characteristics, such as smoke. Due to the use of 

Jatropha biodiesel with diesel fuel, there is a slight decrease in thermal efficiency and a 

modest increase in NOx emissions. The use of nanoparticles as fuel additives with Jatropha 

biodiesel would reduce NOx emission problems while also enhancing fuel quality and 

performance by boosting fuel combustion properties. Due to the addition of energetic 

nanoparticles surface area to volume ratio increased which produced a more catalytic effect 

during combustion and produced a shorter ignition delay.  

 

This study investigated the droplet ignition and combustion behavior at elevated 

temperature conditions, in the range of 5000C to 7000C, at an atmospheric condition in the 

furnace. The experimental work for the combustion, performance and emission analysis at 

various load conditions for the engine was carried out in this work. For the tested fuel 

blends, it is observed that almost identical results were obtained in comparison with the 

conventional type of fuel without any engine modification. Also, smooth operation without 
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noise and knocking was observed for the fuel blends. The following conclusions are made 

from the investigation. 

 

 In the present study, jatropha biodiesel produced using two-step method was 

combined with diesel in a 20 percent volume ratio. With the use of a mechanical 

agitator and a magnetic stirrer, carbon multiwall nanotube and alumina 

nanoparticles were introduced to jatropha biodiesel in proportions of 25 ppm and 

50 ppm. A total of eight samples were tested, including six samples of nanoparticles. 

And, one sample of jatropha biodiesel diesel and pure diesel fuel, and their physic-

chemical properties were determined. 

 

 The biodiesels were produced using a batch production setup and their samples 

were analyzed using gas chromatography and mass spectrometry technique for fatty 

acid compositions. Fuel property testing was carried out for the eight blends (D100, 

JBD20, JBD20AL25, JBD20AL50, JBD20AL25C25, JBD20C25, JBD20C50, and 

JBD20AL50C50) such as kinematic viscosity, density, cloud point, pour point, 

flashpoint, cetane number and calorific value. 

 

 The ignition delay time is highest for the JBD20 blends for all the temperatures in 

the range of 5000C to 7000C at an atmospheric condition in the furnace. The ignition 

delay time, in comparison with D-100, for JBD20 increased by 15.66% whereas for 

JBD20AL25C25 and JBD20AL50C50 decreased by 3.61% and 6.02% respectively 

for the temperature 7000C. 

 

 The activation energy in comparison with the JBD20 blend, for the nanoparticles 

blend JBD20AL25, JBD20AL50, JBD20AL25C25, JBD20C25, JBD20C50 and 

JBD20AL50C50 was increased by 1.42%, 3.62%, 7.52%, 2.83%, 7.13%, and 

7.58% respectively. Also in comparison to D-100, for JBD20 blend the activation 

energy decreased by 5.22% and for JBD20AL50C50 blend increased by 0.53%. 

 

 With the addition of nanoparticles, three stages of combustion are observed for the 

droplet ignition analysis in the furnace are: preheating and ignition stage, classical 

or conventional combustion stage and nanoparticles flame stage. 
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 For the peak pressure value, the highest decrement observed among the tested fuel 

blends is for the JBD20AL50C50 blends, and in comparison with D-100, it is by 

1.07% decreased for the full load condition.  

 

 The crank angle position for maximum net heat release rate is shifted to 50CA to 

60CA before TDC, for the full load condition in comparison to no load condition. 

For the full load condition, the heat release rate increased for JBD20AL25C25, 

JBD20C50 and JBD20AL50C50 in comparison to D-100, 8.72%, 13.74% and 

10.24% at 90, 90 and 90 before TDC respectively. 

 

 From the mass fraction burned observations, SOC timing decreased for the tested 

fuel blends confirmed that the ignition delay for the full load condition is decreased. 

The highest decrement among the blend is for the JBD20AL50C50 blend, which is 

5.38% compare to D-100. 

 

 The rate of pressure rise increased 5.78%, 10.78% and 7.50% in comparison to D-

100 for the blend JBD20AL25C25, JBD20C50, and JBD20AL50C50 respectively 

at full load conditions. 

 

 Among all the tested fuel blends, JBD20AL50C50 showed maximum decrement 

for mean gas temperature, in comparison with D-100 and JBD20 fuel blend by 

1.59% and 2.33% respectively at full load. 

 

 The brake specific fuel consumption for D100 and JBD20 is 0.330 kg/kWh and 

0.359 kg/kWh respectively, is reduced for the JBD20AL50C50 blend to 0.325 

kg/kWh. The most important parameter for the performance of engine testing is 

brake thermal efficiency, which is increased by 7.37% and 0.67% in comparison 

with JBD20 and D100 at the full condition for the prepared blend, JBD20AL50C50.  

 

 The NOx emission is for D100, JBD20 blends are 610 ppm, 662 ppm respectively, 

whereas, for JBD20AL50CMNT50, it is reduced significantly to 479 ppm. Other 

major pollutants CO and HC are found lower for the blend JBD20AL50C50 except 

for the percentage of Smoke opacity which is lower for the blend JBD20C50 among 
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prepared blends.  

 

 In the droplet ignition analysis, the same blends produced the shortest ignition delay 

period and the largest increase in activation energy. According to the overall 

combustion, performance, and emission results of all test blends, up to 20%, 

jatropha biodiesel by volume with 50 ppm carbon multiwall nanotube and alumina 

nanoparticles each can be successfully used in diesel engines and would be a viable 

and sustainable alternative to diesel fuel in an unmodified diesel engine.  

5.1 Future scope 

Jatropha biodiesel was blended in 20% by volume with the 50 ppm nanoparticles 

proportions in varying proportion with diesel in the current study. 

 

 Further investigation can be done by preparing a higher volumetric proportion of 

jatropha biodiesel for the blends.  

  

 Also, the nanoparticles can be added to higher concentrations and with increasing 

the nanoparticle sizes to study their effects on ignition behavior.  

 

 The effect of pressure on the ignition delay can be analyzed with the design 

modification in the furnace by the use of higher pressure for the furnace and 

activation energy behavior can be studied. 

 

 The combustion, performance, and emission study can be performed for the higher 

amount of nanoparticles addition and with the higher volume of jatropha biodiesel 

blends.  

 

 For effective use of biodiesel in modern CI engines, it is crucial to investigate the 

effects of injection pressure and compression ratio on the performance, emissions, 

and combustion characteristics of nanoparticle biodiesel and diesel blends, as newly 

developed fuel injection systems employ higher levels of injection pressure than 

mechanical fuel injection systems. 
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 The impact of nanoparticles on the environment, as well as human health and related 

issues, should be investigated separately. 

 
  



Future scope 

109 
 

 

6 References  
 

[1] I. A. Manufacturers, “Society of Indian Automobile Manufacturers PROFILE OF THE,” no. 
April, 2020. 

[2] A. P. Singh, N. N. Mustafi, Y. C. Sharma, and A. K. Agarwal, Introduction to Alternative 
Fuels and Their Utilization Strategies in Internal Combustion Engines. 2020. 

[3] MoEFCC, “India: Third Biennial Update Report to the United Nations Framework 
Convention on Climate Change. Ministry of Environment, Forest and Climate Change, 
Government of India.,” pp. 1–501, 2021. 

[4] I. Kralova and J. Sjöblom, “Biofuels-renewable energy sources: A review,” J. Dispers. Sci. 
Technol., vol. 31, no. 3, pp. 409–425, 2010, doi: 10.1080/01932690903119674. 

[5] “Annual report 2019-20,” Minist. New Renew. Energy,Government India. 

[6] Y. K. Alagh, “India 2020,” J. Quant. Econ., vol. 4, no. 1, pp. 1–14, 2006, doi: 
10.1007/bf03404634. 

[7] Z. C. A. of S. Fang and C. Xishuangbanna Tropical Botanical Garden, “Biodiesel Feedstocks, 
Production and Applications” in 2009. . 

[8] C. K. Law, “RECENT ADVANCES IN DROPLET VAPORIZATION A N D C O M B U S 
T I O N,” vol. 8, pp. 171–201, 1982. 

[9] S. Parag and V. Raghavan, “Experimental investigation of burning rates of pure ethanol and 
ethanol blended fuels,” Combust. Flame, vol. 156, no. 5, pp. 997–1005, 2009, doi: 
10.1016/j.combustflame.2008.10.011. 

[10] J. Wang, H. Zhang, Q. Zhang, X. Qiao, X. Wang, and D. Ju, “Flame spread and combustion 
characteristics of two adjacent jatropha oil droplets Flame spread and combustion 
characteristics of two adjacent jatropha oil droplets,” Fuel, vol. 285, no. August, p. 119077, 
2020, doi: 10.1016/j.fuel.2020.119077. 

[11] M. R. Chow et al., “Effects of ethanol on the evaporation and burning characteristics of palm-
oil based biodiesel droplet,” J. Energy Inst., vol. 98, no. January, pp. 35–43, 2021, doi: 
10.1016/j.joei.2021.05.008. 

[12] C. Chauveau, F. Halter,  a. Lalonde, and I. Gökalp, “An Experimental Study on the Droplet 
Vaporization: Effects of Heat Conduction through the Support Fiber,” Proc. 22nd Annu. 
Conf. Liq. At. Spray Syst. (ILASS Eur. 2008), no. January, pp. 8–10, 2008. 

[13] M. S. Wu and S. I. Yang, “Combustion characteristics of multi-component cedar bio-
oil/kerosene droplet,” Energy, vol. 113, pp. 788–795, 2016, doi: 
10.1016/j.energy.2016.07.097. 

[14] R. Vara Lakshmi, S. Jaikumar, and V. Srinivas, “A Comprehensive Review on the Effect of 
Nanoparticle Dispersed Diesel–Biodiesel Blends Fuelled CI Engine,” J. Inst. Eng. Ser. C, 



References 

110 
 

vol. 102, no. 2, pp. 495–505, 2021, doi: 10.1007/s40032-021-00661-3. 

[15] J. S. Basha and R. B. Anand, “The influence of nano additive blended biodiesel fuels on the 
working characteristics of a diesel engine,” J. Brazilian Soc. Mech. Sci. Eng., vol. 35, no. 3, 
pp. 257–264, 2013, doi: 10.1007/s40430-013-0023-0. 

[16] R. N. Mehta, M. Chakraborty, and P. A. Parikh, “Nanofuels: Combustion, engine 
performance and emissions,” Fuel, vol. 120, pp. 91–97, 2014, doi: 
10.1016/j.fuel.2013.12.008. 

[17] T. Shaafi, K. Sairam, A. Gopinath, G. Kumaresan, and R. Velraj, “Effect of dispersion of 
various nanoadditives on the performance and emission characteristics of a CI engine fuelled 
with diesel, biodiesel and blends—A review,” Renew. Sustain. Energy Rev., vol. 49, pp. 563–
573, 2015, doi: 10.1016/j.rser.2015.04.086. 

[18] H. Joo and A. Kumar, World biodiesel policies and production. 2019. 

[19] J. Sadhik Basha and R. B. Anand, “Performance, emission and combustion characteristics of 
a diesel engine using Carbon Nanotubes blended Jatropha Methyl Ester Emulsions,” 
Alexandria Eng. J., vol. 53, no. 2, pp. 259–273, 2014, doi: 10.1016/j.aej.2014.04.001. 

[20] J. S. Basha and R. B. Anand, “An experimental investigation in a diesel engine using carbon 
nanotubes blended water-diesel emulsion fuel,” Proc. Inst. Mech. Eng. Part a-Journal Power 
Energy, vol. 225, no. A3, pp. 279–288, 2011, doi: 10.1177/2041296710394247. 

[21] A. K. Agarwal, “Biofuels (alcohols and biodiesel) applications as fuels for internal 
combustion engines,” Prog. Energy Combust. Sci., vol. 33, no. 3, pp. 233–271, 2007, doi: 
10.1016/j.pecs.2006.08.003. 

[22] A. Demirbas, “Progress and recent trends in biodiesel fuels,” Energy Convers. Manag., vol. 
50, no. 1, pp. 14–34, 2009, doi: 10.1016/j.enconman.2008.09.001. 

[23] Y. C. Sharma, B. Singh, and S. N. Upadhyay, “Advancements in development and 
characterization of biodiesel: A review,” Fuel, vol. 87, no. 12, pp. 2355–2373, 2008, doi: 
10.1016/j.fuel.2008.01.014. 

[24] S. A. Basha, K. R. Gopal, and S. Jebaraj, “A review on biodiesel production, combustion, 
emissions and performance,” Renew. Sustain. Energy Rev., vol. 13, no. 6–7, pp. 1628–1634, 
2009, doi: 10.1016/j.rser.2008.09.031. 

[25] A. Pal and S. S. Kachhwaha, “Biodiesel production of non-edible oils through ultrasound 
energy,” pp. 8–10, 2011. 

[26] N. Nabi, M. Rahman, and S. Akhter, “Biodiesel from cotton seed oil and its effect on engine 
performance and exhaust emissions,” Appl. Therm. Eng., vol. 29, no. 11–12, pp. 2265–2270, 
2009, doi: 10.1016/j.applthermaleng.2008.11.009. 

[27] A. Murugesan, C. Umarani, T. R. Chinnusamy, M. Krishnan, R. Subramanian, and N. 
Neduzchezhain, “Production and analysis of bio-diesel from non-edible oils — A review,” 
vol. 13, pp. 825–834, 2009, doi: 10.1016/j.rser.2008.02.003. 

[28] N. N. A. N. Yusuf, S. K. Kamarudin, and Z. Yaakub, “Overview on the current trends in 
biodiesel production,” Energy Convers. Manag., vol. 52, no. 7, pp. 2741–2751, 2011, doi: 
10.1016/j.enconman.2010.12.004. 

[29] L. C. Meher, D. V. Sagar, and S. N. Naik, “Technical aspects of biodiesel production by 
transesterification — a review,” vol. 10, pp. 248–268, 2006, doi: 10.1016/j.rser.2004.09.002. 



Future scope 

111 
 

[30] A. K. Agarwal et al., “Effect of fuel injection pressure and injection timing of Karanja 
biodiesel blends on fuel spray, engine performance, emissions and combustion 
characteristics,” Energy Convers. Manag., vol. 91, pp. 302–314, 2015, doi: 
10.1016/j.enconman.2014.12.004. 

[31] A. Mustard and A. Aradhey, “India Biofuels Annual 2016,” 2016. 

[32] S. Senthilraja, M. Karthikeyan, and R. Gangadevi, “Nanofluid applications in future 
automobiles: Comprehensive review of existing data,” Nano-Micro Lett., vol. 2, no. 4, pp. 
306–310, 2010, doi: 10.3786/nml.v2i4.p306-310. 

[33] T. Shaafi and R. Velraj, “Influence of alumina nanoparticles, ethanol and isopropanol blend 
as additive with diesel-soybean biodiesel blend fuel: Combustion, engine performance and 
emissions,” Renew. Energy, vol. 80, pp. 655–663, 2015, doi: 10.1016/j.renene.2015.02.042. 

[34] G. R. Kannan, R. Karvembu, and R. Anand, “Effect of metal based additive on performance 
emission and combustion characteristics of diesel engine fuelled with biodiesel,” Appl. 
Energy, vol. 88, no. 11, pp. 3694–3703, 2011, doi: 10.1016/j.apenergy.2011.04.043. 

[35] C. S. Aalam and C. G. Saravanan, “Effects of nano metal oxide blended Mahua biodiesel on 
CRDI diesel engine,” AIN SHAMS Eng. J., pp. 0–7, 2015, doi: 10.1016/j.asej.2015.09.013. 

[36] C. S. Aalam, C. G. Saravanan, and M. Kannan, “Experimental Investigation on CRDI System 
Assisted Diesel Engine Fulled by Diesel with Nanotubes,” Am. J. Eng. Appl. Sci., vol. 8, no. 
3, pp. 380–389, 2015, doi: 10.3844/ajeassp.2015.380.389. 

[37] V. A. M. Selvan, R. B. Anand, and M. Udayakumar, “Effects of cerium oxide nanoparticle 
addition in diesel and diesel-biodiesel-ethanol blends on the performance and emission 
characteristics of a CI engine,” J. Eng. Appl. Sci., vol. 4, no. 7, pp. 1–6, 2009. 

[38] C. S. Aalam, C. G. Saravanan, and M. Kannan, “Experimental investigations on a CRDI 
system assisted diesel engine fuelled with aluminium oxide nanoparticles blended biodiesel,” 
Alexandria Eng. J., vol. 54, no. 3, pp. 351–358, 2015, doi: 10.1016/j.aej.2015.04.009. 

[39] V. Arul Mozhi Selvan, R. B. Anand, and M. Udayakumar, “Effect of cerium oxide 
nanoparticles and carbon nanotubes as fuel-borne additives in diesterol blends on the 
performance, combustion and emission characteristics of a variable compression ratio 
engine,” Fuel, vol. 130, pp. 160–167, 2014, doi: 10.1016/j.fuel.2014.04.034. 

[40] V. Dhana Raju, P. S. Kishore, M. Harun Kumar, and S. Rami Reddy, “Experimental 
investigation of alumina oxide nanoparticles effects on the performance and emission 
characteristics of tamarind seed biodiesel fuelled diesel engine,” Mater. Today Proc., vol. 18, 
pp. 1229–1242, 2019, doi: 10.1016/j.matpr.2019.06.585. 

[41] M. Elahi et al., “The effect of nano-additives in diesel-biodiesel fuel blends : A 
comprehensive review on stability , engine performance and emission characteristics,” 
Energy Convers. Manag., vol. 178, no. October, pp. 146–177, 2018, doi: 
10.1016/j.enconman.2018.10.019. 

[42] M. Srinivasa Rao and R. B. Anand, “Techniques to improve the performance while reducing 
the pollutants level in the exhaust gases of compression ignition engines - A review,” ARPN 
J. Eng. Appl. Sci., vol. 9, no. 5, pp. 828–844, 2014. 

[43] W. A. Sirignano, “Droplet vaporization model for spray combustion calculations,” vol. 32, 
no. 9, pp. 1605–1618, 1989. 

[44] Y. Gan and L. Qiao, “Combustion characteristics of fuel droplets with addition of nano and 
micron-sized aluminum particles,” Combust. Flame, vol. 158, no. 2, pp. 354–368, 2011, doi: 



References 

112 
 

10.1016/j.combustflame.2010.09.005. 

[45] P. Prakash, V. Raghavan, and P. S. Mehta, “Analysis of Multimode Burning Characteristics 
of Isolated Droplets of Biodiesel–Diesel Blends,” J. Energy Resour. Technol., vol. 135, no. 
2, p. 024501, 2013, doi: 10.1115/1.4023174. 

[46] C. K. Law, “Recent advances in droplet vaporization and combustion,” Prog. Energy 
Combust. Sci., vol. 8, no. 3, pp. 171–201, 1982, doi: 10.1016/0360-1285(82)90011-9. 

[47] G. Brenn, L. J. Deviprasath, F. Durst, and C. Fink, “Evaporation of acoustically levitated 
multi-component liquid droplets,” vol. 50, pp. 5073–5086, 2007, doi: 
10.1016/j.ijheatmasstransfer.2007.07.036. 

[48] C. Morin, C. Chauveau, and I. G??kalp, “Droplet vaporisation characteristics of vegetable oil 
derived biofuels at high temperatures,” Exp. Therm. Fluid Sci., vol. 21, no. 1–3, pp. 41–50, 
2000, doi: 10.1016/S0894-1777(99)00052-7. 

[49] G. Xu, M. Ikegami, S. Honma, M. Sasaki, and K. Ikeda, “Combustion characteristics of 
droplets composed of light cycle oil and diesel light oil in a hot-air chamber q,” vol. 82, pp. 
319–330, 2003. 

[50] H. Tyagi et al., “Increased hot-plate ignition probability for nanoparticle-laden diesel fuel,” 
Nano Lett., vol. 8, no. 5, pp. 1410–1416, 2008, doi: 10.1021/nl080277d. 

[51] Z. Al-hamamre and D. Trimis, “Investigation of the intermediate oxidation regime of Diesel 
fuel,” Combust. Flame, vol. 156, no. 9, pp. 1791–1798, 2009, doi: 
10.1016/j.combustflame.2009.03.008. 

[52] Y. Gan and L. Qiao, “Evaporation characteristics of fuel droplets with the addition of 
nanoparticles under natural and forced convections,” Int. J. Heat Mass Transf., vol. 54, no. 
23–24, pp. 4913–4922, 2011, doi: 10.1016/j.ijheatmasstransfer.2011.07.003. 

[53] C. Technology, “Experimental investigation of bio-diesel droplet ignition Jyotirmoy Barman 
*, R . P . Gakkhar and Vineet Kumar Vipin Kumar and Sunita Gakkhar,” vol. 1, no. 4, pp. 
464–477, 2008. 

[54] E. L. Dreizin, “Metal-based reactive nanomaterials,” Prog. Energy Combust. Sci., vol. 35, 
no. 2, pp. 141–167, 2009, doi: 10.1016/j.pecs.2008.09.001. 

[55] K. Han et al., “Experimental study on the evaporation characteristics of biodiesel-ABE 
blended droplets,” Energy, vol. 236, p. 121453, 2021, doi: 10.1016/j.energy.2021.121453. 

[56] M. Manjunath, V. Raghavan, and P. S. Mehta, “Vaporization characteristics of suspended 
droplets of biodiesel fuels of Indian origin and their diesel blends - An experimental study,” 
Int. J. Heat Mass Transf., vol. 88, pp. 28–41, 2015, doi: 
10.1016/j.ijheatmasstransfer.2015.04.052. 

[57] T. Daho et al., “International Journal of Heat and Mass Transfer Model for predicting 
evaporation characteristics of vegetable oils droplets based on their fatty acid composition,” 
Int. J. Heat Mass Transf., vol. 55, no. 11–12, pp. 2864–2871, 2012, doi: 
10.1016/j.ijheatmasstransfer.2012.01.048. 

[58] R. H. Chen, S. L. Chiu, and T. H. Lin, “On the collision behaviors of a diesel drop impinging 
on a hot surface,” Exp. Therm. Fluid Sci., vol. 32, no. 2, pp. 587–595, 2007, doi: 
10.1016/j.expthermflusci.2007.07.002. 

[59] S. Saharin, B. Lefort, and C. Morin, “Gt2011- 46 531,” pp. 1–8, 2017. 



Future scope 

113 
 

[60] K. Saha, E. Abu-ramadan, and X. Li, “Multicomponent evaporation model for pure and 
blended biodiesel droplets in high temperature convective environment,” Appl. Energy, vol. 
93, pp. 71–79, 2012, doi: 10.1016/j.apenergy.2011.05.034. 

[61] M. Renksizbul, “Multicomponent droplet evaporation at intermediate Reynolds numbers,” 
vol. c, pp. 2827–2835, 1993. 

[62] N. Hashimoto, H. Nishida, and Y. Ozawa, “Fundamental combustion characteristics of 
Jatropha oil as alternative fuel for gas turbines,” Fuel, vol. 126, pp. 194–201, 2014, doi: 
10.1016/j.fuel.2014.02.057. 

[63] N. Hashimoto, H. Nomura, M. Suzuki, T. Matsumoto, H. Nishida, and Y. Ozawa, 
“Evaporation characteristics of a palm methyl ester droplet at high ambient temperatures,” 
Fuel, vol. 143, pp. 202–210, 2015, doi: 10.1016/j.fuel.2014.11.057. 

[64] E. Marlina, H. Y. Nanlohy, I. Gusti Ketut Puja, and H. Riupassa, “Droplet combustion 
behavior of crude palm oil-carbon nanoparticles blends,” IOP Conf. Ser. Mater. Sci. Eng., 
vol. 1034, no. 1, p. 012039, 2021, doi: 10.1088/1757-899x/1034/1/012039. 

[65] A. Prabu, “Nanoparticles as additive in biodiesel on the working characteristics of a DI diesel 
engine,” Ain Shams Eng. J., 2017, doi: 10.1016/j.asej.2017.04.004. 

[66] A. C. Sajeevan and V. Sajith, “Diesel Engine Emission Reduction Using Catalytic 
Nanoparticles: An Experimental Investigation,” J. Eng., vol. 2013, pp. 1–9, 2013, doi: 
org/10.1155/2013/589382. 

[67] M. A. Lenin, M. R. Swaminathan, and G. Kumaresan, “Performance and emission 
characteristics of a DI diesel engine with a nanofuel additive,” Fuel, vol. 109, pp. 362–365, 
2013, doi: 10.1016/j.fuel.2013.03.042. 

[68] H. Soukht Saraee, S. Jafarmadar, H. Taghavifar, and S. J. Ashrafi, “Reduction of emissions 
and fuel consumption in a compression ignition engine using nanoparticles,” Int. J. Environ. 
Sci. Technol., vol. 12, no. 7, pp. 2245–2252, 2015, doi: 10.1007/s13762-015-0759-4. 

[69] H. Kim and B. Choi, “The effect of biodiesel and bioethanol blended diesel fuel on 
nanoparticles and exhaust emissions from CRDI diesel engine,” Renew. Energy, vol. 35, no. 
1, pp. 157–163, 2010, doi: 10.1016/j.renene.2009.04.008. 

[70] Y. Devarajan, D. B. Munuswamy, and A. Mahalingam, “Investigation on behavior of diesel 
engine performance, emission, and combustion characteristics using nano-additive in neat 
biodiesel,” Heat Mass Transf. und Stoffuebertragung, vol. 55, no. 6, pp. 1641–1650, 2019, 
doi: 10.1007/s00231-018-02537-2. 

[71] H. A. Dhahad, S. A. Ali, and M. T. Chaichan, “Combustion analysis and performance 
characteristics of compression ignition engines with diesel fuel supplemented with nano-
TiO2 and nano-Al2O3,” Case Stud. Therm. Eng., vol. 20, no. May, p. 100651, 2020, doi: 
10.1016/j.csite.2020.100651. 

[72] A. I. El-Seesy, A. M. A. Attia, and H. M. El-Batsh, “The effect of Aluminum oxide 
nanoparticles addition with Jojoba methyl ester-diesel fuel blend on a diesel engine 
performance, combustion and emission characteristics,” Fuel, vol. 224, no. June 2017, pp. 
147–166, 2018, doi: 10.1016/j.fuel.2018.03.076. 

[73] I. Örs, S. Sarıkoç, A. E. Atabani, S. Ünalan, and S. O. Akansu, “The effects on performance, 
combustion and emission characteristics of DICI engine fuelled with TiO2 nanoparticles 
addition in diesel/biodiesel/n-butanol blends,” Fuel, vol. 234, no. October 2017, pp. 177–188, 
2018, doi: 10.1016/j.fuel.2018.07.024. 



References 

114 
 

[74] S. Kumar, P. Dinesha, and I. Bran, “Influence of nanoparticles on the performance and 
emission characteristics of a biodiesel fuelled engine: An experimental analysis,” Energy, 
vol. 140, pp. 98–105, 2017, doi: 10.1016/j.energy.2017.08.079. 

[75] M. S. Gad and S. Jayaraj, “A comparative study on the effect of nano-additives on the 
performance and emissions of a diesel engine run on Jatropha biodiesel,” Fuel, vol. 267, no. 
October 2019, p. 117168, 2020, doi: 10.1016/j.fuel.2020.117168. 

[76] G. Najafi, “Diesel engine combustion characteristics using nano-particles in biodiesel-diesel 
blends,” Fuel, vol. 212, no. October, pp. 668–678, 2018, doi: 10.1016/j.fuel.2017.10.001. 

[77] M. Mirzajanzadeh et al., “A novel soluble nano-catalysts in diesel-biodiesel fuel blends to 
improve diesel engines performance and reduce exhaust emissions,” Fuel, vol. 139, no. 
JANUARY 2014, pp. 374–382, 2015, doi: 10.1016/j.fuel.2014.09.008. 

[78] A. A. Al-Kheraif, A. Syed, A. M. Elgorban, D. D. Divakar, R. Shanmuganathan, and K. 
Brindhadevi, “Experimental assessment of performance, combustion and emission 
characteristics of diesel engine fuelled by combined non-edible blends with nanoparticles,” 
Fuel, vol. 295, no. February, p. 120590, 2021, doi: 10.1016/j.fuel.2021.120590. 

[79] S. Dey, N. Moni Reang, M. Deb, and P. Kumar Das, “Experimental investigation on 
combustion-performance-emission characteristics of nanoparticles added biodiesel blends 
and tribological behavior of contaminated lubricant in a diesel engine,” Energy Convers. 
Manag., vol. 244, p. 114508, 2021, doi: 10.1016/j.enconman.2021.114508. 

[80] S. Karpagarajan, T. Jayakumar, R. Anandhan, P. Kannan, E. Neducheralathan, and J. 
Arunprasad, “Experimental investigation of performance and emission characterstics of 
jatropha biodiesel with Ruthenium oxide,” Mater. Today Proc., no. xxxx, 2021, doi: 
10.1016/j.matpr.2021.03.472. 

[81] S. K. Srinivasan, R. Kuppusamy, and P. Krishnan, “Effect of nanoparticle-blended biodiesel 
mixtures on diesel engine performance, emission, and combustion characteristics,” Environ. 
Sci. Pollut. Res., vol. 28, no. 29, pp. 39210–39226, 2021, doi: 10.1007/s11356-021-13367-x. 

[82] D. Rangabashiam, D. B. Munuswamy, S. Duraiswamy Balasubramanian, and D. Christopher, 
“Performance, emission, and combustion analysis on diesel engine fueled with blends of 
neem biodiesel/diesel/ additives,” Energy Sources, Part A Recover. Util. Environ. Eff., vol. 
00, no. 00, pp. 1–11, 2020, doi: 10.1080/15567036.2020.1764152. 

[83] R. A. Alenezi, A. M. Norkhizan, H. A. Rani, M. I. Maulana, and M. Yasar, “An Experimental 
Investigation of a Diesel Engine Using Carbon Nanotubes Blended with Biodiesel,” IOP 
Conf. Ser. Mater. Sci. Eng., vol. 506, no. 1, 2019, doi: 10.1088/1757-899X/506/1/012048. 

[84] Y. C. Sharma, B. Singh, and S. N. Upadhyay, “Advancements in development and 
characterization of biodiesel : A review,” vol. 87, pp. 2355–2373, 2008, doi: 
10.1016/j.fuel.2008.01.014. 

[85] A. A. Refaat and A. A. Refaat, “Different techniques for the production of biodiesel from 
waste vegetable oil,” vol. 7, no. 1, pp. 183–213, 2010. 

[86] V. Manieniyan and S. Sivaprakasam, “Investigation of Diesel Engine Using Bio-Diesel ( 
Methyl Ester of Jatropha Oil ) for Various Injection Timing and Injection Pressure,” no. 724, 
2018. 

[87] A. J. Folayan, P. A. L. Anawe, A. E. Aladejare, and A. O. Ayeni, “Experimental investigation 
of the effect of fatty acids configuration, chain length, branching and degree of unsaturation 
on biodiesel fuel properties obtained from lauric oils, high-oleic and high-linoleic vegetable 



Future scope 

115 
 

oil biomass,” Energy Reports, vol. 5, pp. 793–806, 2019, doi: 10.1016/j.egyr.2019.06.013. 

[88] M. J. Ramos, C. M. Fernández, A. Casas, L. Rodríguez, and Á. Pérez, “Bioresource 
Technology Influence of fatty acid composition of raw materials on biodiesel properties,” 
vol. 100, pp. 261–268, 2009, doi: 10.1016/j.biortech.2008.06.039. 

[89] G. Knothe, “Dependence of biodiesel fuel properties on the structure of fatty acid alkyl 
esters,” Fuel Process. Technol., vol. 86, no. 10, pp. 1059–1070, 2005, doi: 
10.1016/j.fuproc.2004.11.002. 

[90] H. Altitude, E. Research, and P. Refining, “COMBUSTION OF FAT A N D VEGETABLE 
OIL DERIVED FUELS IN DIESEL ENGINES Michael S. Graboski* and Robert L. 
McCormick,” Science (80-. )., vol. 24, no. 97, pp. 125–164, 1998. 

[91] B. R. Moser and S. F. Vaughn, “Efficacy of fatty acid profile as a tool for screening feedstocks 
for biodiesel production,” Biomass and Bioenergy, vol. 37, pp. 31–41, 2012, doi: 
10.1016/j.biombioe.2011.12.038. 

[92] B. R. Moser, “Influence of blending canola, palm, soybean, and sunflower oil methyl esters 
on fuel properties of biodiesel,” Energy and Fuels, vol. 22, no. 6, pp. 4301–4306, 2008, doi: 
10.1021/ef800588x. 

[93] A. Srivastava and R. Prasad, “Triglycerides-based diesel fuels,” Renew. Sustain. energy Rev., 
vol. 4, no. 2, pp. 111–133, 2000, doi: 10.1016/S1364-0321(99)00013-1. 

[94] G. A. Dorofeev, A. N. Streletskii, I. V Povstugar, A. V Protasov, and E. P. Elsukov, 
“Determination of Nanoparticle Sizes by X ray Diffraction,” vol. 74, no. 6, pp. 710–720, 
2012, doi: 10.1134/S1061933X12060051. 

[95] Y. Gan and L. Qiao, “Combustion characteristics of fuel droplets with addition of nano and 
micron-sized aluminum particles,” Combust. Flame, vol. 158, no. 2, pp. 354–368, 2011, doi: 
10.1016/j.combustflame.2010.09.005. 

[96] F. Soto et al., “The determination of the activation energy of diesel and biodiesel fuels and 
the analysis of engine performance and soot emissions,” Fuel Process. Technol., vol. 174, 
no. January, pp. 69–77, 2018, doi: 10.1016/j.fuproc.2018.02.008. 

[97] A. S. Ã. Ramadhas, S. Jayaraj, and C. Muraleedharan, “Use of vegetable oils as I . C . engine 
fuels — A review,” vol. 29, pp. 727–742, 2004, doi: 10.1016/j.renene.2003.09.008. 

[98] Z. S. Filipi, S. B. Fiveland, and M. Syrimis, “Correlation Under Steady-State and Transient 
Operation of a,” vol. 125, no. April 2003, 2018, doi: 10.1115/1.1563238. 

[99] H. Raheman and D. Padhee, “Combustion characteristics of diesel engine using producer gas 
and blends of jatropha methyl ester with diesel in mixed fuel mode,” Int. J. Renew. Energy 
Dev., vol. 3, no. 3, pp. 228–235, 2014, doi: 10.14710/ijred.3.3.228-235. 

[100] M. Shahabuddin, A. M. Liaquat, H. H. Masjuki, M. A. Kalam, and M. Mofijur, “Ignition 
delay , combustion and emission characteristics of diesel engine fueled with biodiesel,” 
Renew. Sustain. Energy Rev., vol. 21, pp. 623–632, 2013, doi: 10.1016/j.rser.2013.01.019. 

[101] D. H. Qi, L. M. Geng, H. Chen, Y. Z. Bian, J. Liu, and X. C. Ren, “Combustion and 
performance evaluation of a diesel engine fueled with biodiesel produced from soybean crude 
oil,” Renew. Energy, vol. 34, no. 12, pp. 2706–2713, 2009, doi: 
10.1016/j.renene.2009.05.004. 

[102] Ü. Ağbulut, M. Karagöz, S. Sarıdemir, and A. Öztürk, “Impact of various metal-oxide based 
nanoparticles and biodiesel blends on the combustion, performance, emission, vibration and 



References 

116 
 

noise characteristics of a CI engine,” Fuel, vol. 270, no. March, 2020, doi: 
10.1016/j.fuel.2020.117521. 

[103] H. J. B, Internal Combustion Engine Fundamentals. McGraw Hill, 1988. 

[104] E. Öztürk, “Performance, emissions, combustion and injection characteristics of a diesel 
engine fuelled with canola oil-hazelnut soapstock biodiesel mixture,” Fuel Process. Technol., 
vol. 129, pp. 183–191, 2015, doi: 10.1016/j.fuproc.2014.09.016. 

[105] V. Perumal and M. Ilangkumaran, “Experimental analysis of engine performance, 
combustion and emission using pongamia biodiesel as fuel in CI engine,” Energy, vol. 129, 
pp. 228–236, 2017, doi: 10.1016/j.energy.2017.04.120. 

[106] D. H. Qi, H. Chen, L. M. Geng, and Y. Z. Bian, “Experimental studies on the combustion 
characteristics and performance of a direct injection engine fueled with biodiesel/diesel 
blends,” Energy Convers. Manag., vol. 51, no. 12, pp. 2985–2992, 2010, doi: 
10.1016/j.enconman.2010.06.042. 

[107] T. Badawy et al., “Selection of second-generation crop for biodiesel extraction and testing its 
impact with nano additives on diesel engine performance and emissions,” Energy, vol. 237, 
2021, doi: 10.1016/j.energy.2021.121605. 

[108] G. V. L. Prasad, “Role of Nano Additive Blended Karanja Biodiesel Emulsion Fuel on 
Performance and Emission Characteristics of Diesel Engine,” 2018, doi: 10.4271/2016-28-
0165.Copyright. 

[109] M. G. Bidir, N. K. Millerjothi, M. S. Adaramola, and F. Y. Hagos, “The role of nanoparticles 
on biofuel production and as an additive in ternary blend fuelled diesel engine: A review,” 
Energy Reports, vol. 7, pp. 3614–3627, 2021, doi: 10.1016/j.egyr.2021.05.084. 

[110] N. Shrivastava, D. Shrivastava, and V. Shrivastava, “Experimental investigation of 
performance and emission characteristics of diesel engine using Jatropha biodiesel with 
alumina nanoparticles,” Int. J. Green Energy, vol. 15, no. 2, pp. 136–143, 2018, doi: 
10.1080/15435075.2018.1428807. 

[111] M. S. Gad, S. M. Abdel Razek, P. V. Manu, and S. Jayaraj, “Experimental investigations on 
diesel engine using alumina nanoparticle fuel additive,” Adv. Mech. Eng., vol. 13, no. 2, pp. 
1–16, 2021, doi: 10.1177/1687814020988402. 

[112] S. Karthikeyan, A. Elango, S. M. Silaimani, and A. Prathima, “Role of Al 2 O 3 nano additive 
in GSOBiodiesel on the working characteristics of a CI engine,” vol. 21, no. July, pp. 285–
289, 2014. 

[113] M. Srinivasa Rao and R. B. Anand, “Performance and emission characteristics improvement 
studies on a biodiesel fuelled DICI engine using water and AlO(OH) nanoparticles,” Appl. 
Therm. Eng., vol. 98, pp. 636–645, 2016, doi: 10.1016/j.applthermaleng.2015.12.090. 

[114] A. K. Hossain and A. Hussain, “Impact of nanoadditives on the performance and combustion 
characteristics of neat Jatropha biodiesel,” Energies, vol. 12, no. 5, 2019, doi: 
10.3390/en12050921. 

[115] S. A. E. International and C. Berkeley, “Experimental Investigation on Effect of Nano Fluids 
in the Behaviour of a Compression Ignition Engine Fueled with Diesel Biofuel Blends,” pp. 
1–10, 2018, doi: 10.4271/2018-01-0234.Abstract. 

[116] S. Javed, Y. V. V. Satyanarayana Murthy, M. R. S. Satyanarayana, R. Rajeswara Reddy, and 
K. Rajagopal, “Effect of a zinc oxide nanoparticle fuel additive on the emission reduction of 
a hydrogen dual-fuelled engine with jatropha methyl ester biodiesel blends,” J. Clean. Prod., 



Future scope 

117 
 

vol. 137, pp. 490–506, 2016, doi: 10.1016/j.jclepro.2016.07.125. 

[117] N. Singh and R. Kaushal, “Outcomes of advanced biodiesel with nanoparticle additives on 
performance of CI engines,” Mater. Today Proc., vol. 44, pp. 4612–4620, 2020, doi: 
10.1016/j.matpr.2020.10.913. 

[118] H. Venu, V. D. Raju, S. Lingesan, and M. Elahi M Soudagar, Influence of Al2O3nano 
additives in ternary fuel (diesel-biodiesel-ethanol) blends operated in a single cylinder diesel 
engine: Performance, combustion and emission characteristics, vol. 215. Elsevier Ltd, 2021. 

[119] A. Varghese and A. Base, “The Effect of Cerium Oxide Nano Particles Fuel Additive on 
Performance and Emission of Karanja Biodiesel Fueled Compression Ignition Military 
585kW Heavy Duty Diesel Engine,” pp. 1–8, 2018, doi: 10.4271/2018-01-1818.Abstract. 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of Publications 

118 
 

List of Publications 
 

Sr.
No 

Title  Name of journal UGC 
CARE 
approved 

Scopus Status 

1 Role of nanoparticles additives 

with Biodiesel blend as an 

Engine Fuel: Combustion And 

Ignition Characteristics Of 

Engine Performance And 

Emissions 

International Journal 

of Mechanical and 

Production 

Engineering Research 

and Development 

(IJMPERD) 

Yes Yes Published 

2 Influence of Alumina and CNT 

nanoparticles on Biodiesel 

blends as an Engine fuel: 

Combustion characteristics, 

performance and Emission 

American Institute of 

Physics (AIP) 

proceedings 

Yes Yes Published 

3 Droplet combustion and 

ignition analysis of carbon 

multiwall nanotube 

and alumina blended jatropha 

biodiesel 

Materials Today: 

Proceedings 

Yes Yes Accepted 

 

 

 

 



Gas chromatography and mass spectrometry graphs 

119 
 

APPENDIX –I 

Gas chromatography and mass spectrometry graphs 

 

 
Gas chromatograph of Jatropha biodiesel 

 



APPENDIX –II 

120 
 

APPENDIX –II 

XRD reports of Carbon multiwall nanotube and Alumina  

 
 
 

XRD  image of carbon multiwall nanotube 
  



XRD reports of Carbon multiwall nanotube and Alumina 

121 
 

 
XRD  image of Alumina (Al2O3) 

 



APPENDIX-III 

122 
 

APPENDIX-III 

UNCERTAINTY ANALYSIS 

Errors and uncertainties in the experiments can arise from instrument selection, condition, 

calibration, environment, observation, reading and test planning. Uncertainty analysis is 

needed to prove the accuracy of the experiments. 

Suppose a set of measurements is made and the uncertainty in each measurement may be 

expressed with the same odds. These measurements are then used to calculate some desired 

result of the experiments. We wish to estimate the uncertainty in the calculated result on the 

basis of the uncertainties in the primary measurements. The result R is a given function of the 

independent variables x1,x2,x3,...,xn. Thus, 

R= 𝑅(𝑥 , 𝑥 , 𝑥 , … . . 𝑥 )  

Let wR be the uncertainty in the result and w1,w2,...,wn be the uncertainties in the independent 

variables. If the uncertainties in the independent variables are all given with the same odds, 

then the uncertainty in the result having these odds is given in 

22 2

2 2 2
1 2

1 2

* * ...... *R n
n

R R R
W w w w

x x x  
      

       
     

 

 

Sample Calculations for Uncertainty Analysis  

Calculation of Uncertainty in Brake power (BP) 

3

* 2
*

60 *10

T N
BP T kW


    

C onstant * * ,B P T N kW  

  * *
*

BP C N T BP
C N

T T T


  


 

  * *
*

BP C N T BP
C T

N N N


  


 

Uncertainty of independent variables is calculated using accuracy of the instrument used for 

the measurement of the respective variable. 
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Accuracy of torque measurement = 0.01 N-m; Accuracy of speed measurement in rpm = 1 

rpm  

So, Uncertainty of torque measurement = ΔT = 0.01, 

 Uncertainty of speed measurement = ΔN = 1  

So, Uncertainty in measurement of Brake power (BP) is given by 

   2 2

2 2*( *(BP

BP BP
W

T N 
    

      
   

 

FOR PURE DIESEL (D100) READING AT NO LOAD 

2 2
2 20.03 0.03

*( *( 0.001629
0.2 1557BPW kW          

   
 

% Uncertainty in measurement of brake power is given by,  *100BPW

BP
 

So % Uncertainty = 0.001629
*100 5.00959 %

0.03
  

FOR JBD20 AT 25% LOAD (READING NO-2) 

2 2
2 20.93 0.93

*( *( 0.00170
5.86 1519BPW kW          
   

 

So % Uncertainty = 0.00170
*100 0.1829 %

0.88
           

Calculation of Uncertainty in Brake specific fuel consumption (BSFC) 

   
6

*60* Constant*
,

*10

FC FC kg
BSFC

BP BP kW hr


 


 

  *( )

( ) ( )*( )

BSFC C C FC BSFC

FC BP BP FC FC
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BSFC C BSFC
FC

BP BPBP


   


 



APPENDIX-III 

124 
 

Uncertainty of independent variables is calculated using accuracy of the instrument used for 

the measurement of the respective variable. 

Accuracy of Fuel consumption measurement = 0.1 cc/min; Accuracy of brake power 

measurement in kW = 0.00170 kW for JBD20 AT 25% load (reading no-2) 

So, Uncertainty of Fuel measurement = Δ (FC) = 0.1, 

 Uncertainty of brake power measurement = Δ(BP) = 0.00170 

So, Uncertainty in measurement of Brake specific fuel consumption (BSFC) is given by 

   2 2

2 2*( ) *( )
( ) ( )BSFC

BSFC BSFC
W FC P

FC BP 
    

        
   

 

2 2
2 20.59 0.59

*( *(0.00170 0.00548
11 0.93BSFC

kg
W

kW hr
              

 

% Uncertainty in measurement of Brake specific fuel consumption (BSFC) is given by, 

  *100BSFCW

BSFC
 

So % Uncertainty of BSFC = 0.00548
*100 0.9273%

0.59


 

Calculation of Uncertainty in Brake Thermal Efficiency (BTE) 

( )*3600
*100,%

( )* ( )

Brake power kW
BTE

kg kJ
Total fuel consumption Calorificvalueof fuel

hr kg

  

* 3600
*100, %

*

BP
BTE

TFC CV
  

* Constant(C)BP
BTE

TFC
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( ) ( )*( )
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 2

*( ) * ( )

( ) ( ) * ( )

BTE C BP C BP BTE

TFC TFC TFC TFCTFC


     


  

Accuracy of Total Fuel consumption measurement = Δ (TFC) = 0.005; Accuracy of brake 

power measurement in kW = Δ(BP) = 0.00170 for JBD20 AT 25% LOAD (reading -2 

Uncertainty in measurement of BTE is given by, 

   2 2

2 2*( ) *( )
( ) ( )BTE

BTE BTE
W P FC

BP TFC 
    

        
   

 

2 2
2 214.69 14.69

*( *(0.005 0.1362
0.93 0.55BTEW           

   
   

% Uncertainty in measurement of Brake Thermal Efficiency (BTE) is given by, 

0.1362 *100
*100 0.9273 %

14.69
BTEW

BTE
   

Uncertainty in emission constituents (Resolution/Range) 

( ) 0.01
0.001 0.1%

10

CO

CO


    

2

2

( ) 0.1
0.005 0.5%

20

CO

CO


    

( ) 1
0.00005 0.005%

20000

HC

HC


    

( ) 1
0.0002 0.02%

5000
x

x

NO

NO


     

( ) 0.1
0.001 0.1%

100

smoke

smoke
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Uncertainty calculated values of performance parameters for Diesel fuel readings 

Load 
(kg) 

BP 
(kW) 

Fuel 
(cc/min) 

BSFC(kg/kWh) 
BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 

in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.03 9 13.78 0.62 0.0016 5.0096 0.7069 5.13133 1.1111 0.0319 5.1313 
3 0.92 12 0.65 13.15 0.0017 0.1863 0.0056 0.85390 0.8333 0.1123 0.8539 
6 1.74 15 0.43 19.96 0.0020 0.1123 0.0029 0.67606 0.6667 0.1350 0.6761 
9 2.56 19 0.37 23.22 0.0023 0.0906 0.0020 0.53405 0.5263 0.1240 0.5341 

12 3.32 22 0.33 25.94 0.0027 0.0823 0.0015 0.46194 0.4545 0.1198 0.4619 
     Average 1.09620  1.53145 0.7184  1.5315 

 

Uncertainty calculated values of performance parameters for JBD20 fuel readings 

Load 
(kg) 

BP 
(kW) 

Fuel 
(cc/min) 

BSFC(kg/kWh) 
BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 

in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.03 8 12.26 0.71 0.0016 5.0096 0.6332 5.1632 1.2500 0.0366 5.1632 
3 0.93 11 0.59 14.69 0.0017 0.1829 0.0055 0.9273 0.9091 0.1362 0.9273 
6 1.71 15 0.44 19.73 0.0019 0.1131 0.0030 0.6762 0.6667 0.1334 0.6762 
9 2.53 19 0.38 23.08 0.0023 0.0913 0.0020 0.5342 0.5263 0.1233 0.5342 
12 3.35 24 0.36 24.19 0.0028 0.0822 0.0015 0.4247 0.4167 0.1028 0.4247 
     Average 1.0958  1.5451 0.7537  1.5451 
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Uncertainty calculated values of performance parameters for JBD20AL25 fuel readings 

Load 
(kg) 

BP 
(kW) 

Fuel 
(cc/min) 

BSFC(kg/kWh) 
BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 

in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.04 9 12.82 0.67 0.0016 4.5922 0.6057 4.7247 1.1111 0.0318 4.7247 
3 0.93 12 0.65 13.37 0.0017 0.1829 0.0055 0.8532 0.8333 0.1141 0.8532 
6 1.77 15 0.42 20.35 0.0020 0.1110 0.0029 0.6758 0.6667 0.1375 0.6758 
9 2.51 19 0.38 22.80 0.0023 0.0914 0.0020 0.5342 0.5263 0.1218 0.5342 

12 3.28 23 0.35 24.61 0.0027 0.0833 0.0016 0.4427 0.4348 0.1089 0.4427 
     Average 1.0122  1.4461 0.7144  1.4461 

 

Uncertainty calculated values of performance parameters for JBD20AL50 fuel readings 

Load 
(kg) 

BP 
(kW) 

Fuel 
(cc/min) 

BSFC(kg/kWh) 
BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 

in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.03 8 12.51 0.69 0.0016 5.0096 0.6460 5.1632 1.2500 0.0354 5.1632 
3 0.88 12 0.68 12.61 0.0017 0.1912 0.0058 0.8550 0.8333 0.1078 0.8550 
6 1.68 15 0.45 19.16 0.0019 0.1144 0.0030 0.6764 0.6667 0.1296 0.6764 
9 2.51 19 0.38 22.59 0.0023 0.0916 0.0020 0.5342 0.5263 0.1207 0.5342 

12 3.26 22 0.34 25.36 0.0027 0.0835 0.0016 0.4621 0.4545 0.1172 0.4621 
     Average 1.0981  1.5382 0.7462  1.5382 
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Uncertainty calculated values of performance parameters for JBD20AL25C25 fuel readings 

Load 
(kg) 

BP 
(kW) 

Fuel 
(cc/min) 

BSFC(kg/kWh) 
BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 

in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.03 8 12.49 0.68 0.0016 5.0096 0.6451 5.1632 1.2500 0.0352 5.1632 
3 0.87 11 0.64 13.38 0.0017 0.1941 0.0059 0.9296 0.9091 0.1244 0.9296 
6 1.68 15 0.45 18.97 0.0019 0.1144 0.0030 0.6764 0.6667 0.1283 0.6764 
9 2.50 19 0.38 22.30 0.0023 0.0919 0.0020 0.5343 0.5263 0.1191 0.5343 
12 3.38 22 0.33 26.04 0.0028 0.0818 0.0015 0.4618 0.4545 0.1203 0.4618 
     Average 1.0983  1.5531 0.7613  1.5531 

 

Uncertainty calculated values of performance parameters for JBD20C25 fuel readings 

Load 
(kg) 

BP 
(kW) 

Fuel 
(cc/min) 

BSFC(kg/kWh) 
BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 

in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.03 9 12.89 0.67 0.0016 4.5922 0.6089 4.7247 1.1111 0.0316 4.7247 
3 0.90 12 0.67 12.94 0.0017 0.1879 0.0057 0.8543 0.8333 0.1105 0.8543 
6 1.71 15 0.44 19.65 0.0019 0.1130 0.0030 0.6762 0.6667 0.1329 0.6762 
9 2.52 19 0.38 22.84 0.0023 0.0913 0.0020 0.5342 0.5263 0.1220 0.5342 
12 3.31 23 0.35 24.73 0.0027 0.0824 0.0015 0.4425 0.4348 0.1094 0.4425 
     Average 1.0134  1.4464 0.7144  1.4464 
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Uncertainty calculated values of performance parameters for JBD20C50 fuel readings 

Load 
(kg) 

BP 
(kW) 

Fuel 
(cc/min) 

BSFC(kg/kWh) 
BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 

in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.04 9 12.89 0.66 0.0016 4.5922 0.6092 4.7247 1.1111 0.0314 4.7247 
3 0.93 12 0.65 13.19 0.0017 0.1834 0.0055 0.8533 0.8333 0.1125 0.8533 
6 1.77 16 0.45 18.94 0.0020 0.1111 0.0029 0.6348 0.6250 0.1202 0.6348 
9 2.51 19 0.38 22.60 0.0023 0.0916 0.0020 0.5342 0.5263 0.1208 0.5342 
12 3.31 22 0.33 25.71 0.0027 0.0826 0.0015 0.4620 0.4545 0.1188 0.4620 
     Average 1.0122  1.4418 0.7101  1.4418 

 

Uncertainty calculated values of performance parameters for JBD20AL50C50 fuel readings 

Load 
(kg) 

BP 
(kW) 

Fuel 
(cc/min) 

BSFC(kg/kWh) 
BTHE 

(%) 
uncertainty 

in BP 

% 
uncertainty 

in BP 

uncertainty 
 in BSFC 

% 
uncertainty 

in BSFC 

% 
uncertainty 

in TFC 

uncertainty 
 in BTE 

% 
uncertainty  

in BTE 
0 0.04 9 11.01 0.77 0.0016 3.9363 0.4502 4.0901 1.1111 0.0315 4.0901 
3 0.94 12 0.64 13.31 0.0017 0.1805 0.0054 0.8527 0.8333 0.1135 0.8527 
6 1.68 15 0.45 18.94 0.0019 0.1143 0.0030 0.6764 0.6667 0.1281 0.6764 
9 2.59 19 0.37 23.04 0.0023 0.0901 0.0020 0.5340 0.5263 0.1230 0.5340 
12 3.40 22 0.33 26.12 0.0028 0.0812 0.0015 0.4617 0.4545 0.1206 0.4617 
     Average 0.8805  1.3230 0.7184  1.3230 

 

Average experimental uncertainty of performance parameters 

Sr. No. Experimental parameter 
%  average uncertainty of 

experiment 
1 Brake power 1.0383 
2 brake specific fuel consumption 1.4781 
3 brake thermal efficiency 1.4781 
4 total fuel consumption 0.7296 
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Observation for the droplet ignition delay time and error calculation  

Fuel blend 
Temperature 

0C  

Ignition Delay, sec  
Fuel Blends of Diesel, Bio-diesel and Nanoparticles   

  

Ignition Delay in sec  Average 
Standard 
deviation 

SEM (standard 
error of Mean) 

D100 

500 2.96 3 2.95 2.97 0.026 0.015 

550 2.36 2.34 2.3 2.33 0.031 0.018 

600 1.81 1.86 1.88 1.85 0.036 0.021 

650 1.29 1.33 1.36 1.32 0.035 0.020 

700 0.86 0.81 0.82 0.83 0.026 0.015 

JBD20 

500 3.19 3.12 3.17 3.16 0.036 0.021 

550 2.51 2.57 2.56 2.55 0.032 0.019 

600 2.05 1.99 2.03 2.02 0.031 0.018 

650 1.53 1.59 1.58 1.57 0.032 0.019 

700 0.98 0.96 0.93 0.96 0.025 0.015 

JBD20AL25 

500 3.05 3.09 3.1 3.08 0.026 0.015 

550 2.45 2.47 2.45 2.46 0.012 0.007 

600 1.99 1.98 1.93 1.97 0.032 0.019 

650 1.56 1.48 1.51 1.52 0.040 0.023 

700 0.91 0.97 0.89 0.92 0.042 0.024 

JBD20AL50 

500 2.96 2.98 3.03 2.99 0.036 0.021 

550 2.35 2.36 2.41 2.37 0.032 0.019 

600 1.92 1.85 1.93 1.90 0.044 0.025 

650 1.44 1.45 1.49 1.46 0.026 0.015 

700 0.85 0.91 0.85 0.87 0.035 0.020 

JBD20AL25C
25 

500 2.85 2.92 2.87 2.88 0.036 0.021 

550 2.32 2.26 2.29 2.29 0.030 0.017 

600 1.86 1.8 1.81 1.82 0.032 0.019 

650 1.33 1.29 1.32 1.31 0.021 0.012 

700 0.78 0.79 0.82 0.80 0.021 0.012 

JBD20C25 

500 3.06 3.01 3.03 3.03 0.025 0.015 

550 2.37 2.42 2.38 2.39 0.026 0.015 

600 1.9 1.95 1.99 1.95 0.045 0.026 

650 1.46 1.38 1.39 1.41 0.044 0.025 

700 0.86 0.9 0.91 0.89 0.026 0.015 

JBD20C50 

500 3.02 2.97 3.03 3.01 0.032 0.019 

550 2.35 2.37 2.34 2.36 0.015 0.009 

600 1.92 1.85 1.85 1.87 0.040 0.023 

650 1.35 1.37 1.35 1.36 0.012 0.007 

700 0.81 0.86 0.85 0.84 0.026 0.015 

JBD20AL50C
50 

500 2.77 2.86 2.79 2.81 0.047 0.027 

550 2.26 2.21 2.22 2.23 0.026 0.015 

600 1.77 1.78 1.81 1.79 0.021 0.012 
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650 1.31 1.27 1.31 1.29 0.023 0.013 

700 0.78 0.77 0.8 0.78 0.015 0.009 
 

Calculation for D100 at 5000C temperature (Observation No.-1) 

sum of obs
7

ervation
Average = 

no. of obser o

8.

a

91

v
2.9

3ti ns
   

Standard deviation S calculated from,  

2

  
( 1)

ix
s

N




  

 SEM standard error of Mean calculated from,  

S
SEM

N
  

0.026
0.015

3
SEM    
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Appendix IV 
 

SAMPLE CALCULATIONS 

Calculation for D100  fuel at 6 kg part load: 

(1) Torque 

( ) * *Torque T W R mg R   

load on eddy current dynamometer, in kgWhere m   

2
gravitational acceleration, in

m
g

s
  

Dynamometer arm length 0.185R m   

       ( ) 6.09*9.81*0.185 11.05Torque T N m        

  

       (2) Brake power 

        
2

60000

NT
BP kW


      

        where N speed of the engine in rpm     

             T TorqueinN m   

 
2 *1504*11.05

1.74
60000

BP kW


           

       (3) Total fuel consumption (TFC)     

 

3

6

( )* ( )
min ,
10

cc kg
Fuel consumption fuel density kgmTFC

h
     

 6

15*60*830
0.75

10

kg
TFC

h
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     (4) Brake specific fuel consumption (BSFC) 

 

( )
,

( )

kg
Total fuel consumption kghBSFC

Brake power kW kW h


      

             

0.75
0.43

1.74

kg
BSFC

kW h
 

                

     (5) Brake thermal efficiency (%)  

 

( )*3600
*100,%

( )* ( )

Brake power kW
BTE

kg kJ
Total fuel consumption Calorific value

h kg


 

 
1.74*3600

*100 19.96%
0.75*42000

BTE            

 (6) Indicated power (IP)(kW)
 

2( )* ( )* ( )* *100
2 ,

60

N
Indicated mean effective pressure bar L m A m

IP kW  

2 2

  0.11

  0.0875

    0.006
4

. . .   

length of stroke m

D diameter of cylinder m

A cross sectional area of cylinder D m

N r p m of the engine

where L





 

  



  

1504
4.60*0.11*0.006* *100

2 3.81
60

IP kW     

(7) Mechanical efficiency (ME) (%) 

   
( )

*100, %
( )

BP kW
ME

IP kW
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1.74

*100 45.72%
3.81

ME     

(8) Indicated thermal efficiency (ITE) (%) 

 

 
( )*3600

*100,%
( )* ( )

Indicated power kW
ITE

kg kJ
Total fuel consumption Calorific value

h kg

  

 
3.81*3600

*100 43.66 %
0.75* 42000

ITE       

(9) ( )(%)vVolumetric efficiency   

 

3

3

( )
*100,%

( )
v

m
Actual air consumption

s
m

Theoritical air consumtion
s

 
 

 

3

,
60*

LAN m
Theoritical air consumption

n s
   

2

  0.11

sec 0.0875
4

1500
. 2

Length of stroke m

A cross tional area of cylinder D m

N rpm of the engine rp

W

m
n No of revolutions per cy

here L

cle




  









 

2
3(0.0875) *0.11*1500

4 0.00826
60*2

m

s
TheoreticalAir Consumption



   

2
3

Actual air consumption * * ,
4d

m

s
C C D


  

2
,w

air

gh m
where C

s
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w Differential manometer reading across orifice meter in mm of

water column
h 

 

  

3

2

1.17

 9.81

     0.6

   0.02

air

d

kg
Density of air

m
m

g gravitational acceleration
s

C co efficient of discharge for orifice meter

d diameter of orifice meter m

  

 

  

 

 

 

2
32

A
7

ctua
.

l air * consu
2*9.81*6 . 2

0. 1mption (06*
1

.02) 0.006
417

m

s


   

0.0061
Volumetric efficiency , *100 73.97 %

0.00826v    

Calculation for Activation energy  

 

 

 

 

 

The Activation Energy can be determined from the slope of the reciprocal of temperature and natural 
logarithm time graph, which is equal to (Ea/R), from FIGURE 4.8. For the diesel the slope of this line 
is 4794.41, the relationship between slope and activation energy is: 

aslope= E R  

4794.41 E /8.314a  

So, from the above calculation, Ea= 39860.76 J/mol 

 

 
  

          ,

ln ln ,

ln constant 1

 ,

n a
id

id A

id A

E
AP

RT

n AP E RT

E R T

The activation energy can be determined by the well known Arrhenius equation

Further simplified
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APPENDIX - V 

Calibration Certificates 
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APPENDIX –VI 

PROPERTY TESTING REPORTS’ OF TEST FUEL BLENDS 
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APPENDIX-VII 

Result table 

Fuel Load (kg) 
Torque 
(N-m) 

BP (kW) TFC (kg/h) 
BSFC 
(kg/kWh) 

BTE (%) IP (kW) ITE (%) 
Mechanical 
Efficiency 
(%) 

A/F ratio 
Volumetric 
Efficiency 

(%) 

D100 

0 0.20 0.03 0.45 13.78 0.62 1.96 37.50 1.66 59.75 76.81 
3 5.73 0.92 0.60 0.65 13.15 2.93 42.04 31.27 44.19 75.73 
6 11.05 1.74 0.75 0.43 19.96 3.81 43.66 45.72 34.52 73.97 
9 16.42 2.56 0.95 0.37 23.22 4.49 40.71 57.04 26.76 72.63 

12 21.52 3.32 1.10 0.33 25.94 5.08 39.71 65.33 22.74 71.43 

JBD20 

0 0.20 0.03 0.40 12.26 0.71 2.11 45.68 1.55 67.34 77.42 
3 5.86 0.93 0.55 0.59 14.69 2.96 46.62 31.51 47.99 75.85 
6 11.03 1.71 0.75 0.44 19.73 3.89 45.01 43.84 34.11 73.51 
9 16.42 2.53 0.95 0.38 23.08 4.63 42.23 54.64 26.57 72.54 

12 21.87 3.35 1.20 0.36 24.19 5.24 37.85 63.93 20.87 71.96 

JBD20AL25 

0 0.22 0.04 0.45 12.82 0.67 1.85 35.42 1.90 59.84 77.37 
3 5.86 0.93 0.60 0.65 13.37 2.71 38.84 34.43 43.93 75.74 
6 11.25 1.77 0.75 0.42 20.35 3.57 41.05 49.57 34.73 74.85 
9 16.04 2.51 0.95 0.38 22.80 4.28 38.83 58.71 27.05 73.86 

12 21.87 3.28 1.15 0.35 24.61 4.92 36.84 66.80 21.81 72.07 

JBD20AL50 

0 0.20 0.03 0.40 12.51 0.69 1.92 40.98 1.67 66.81 76.90 
3 5.57 0.88 0.60 0.68 12.61 2.65 37.83 33.34 43.96 75.88 
6 10.82 1.68 0.75 0.45 19.16 3.37 38.45 49.84 34.26 73.94 
9 16.35 2.51 0.95 0.38 22.59 4.42 39.79 56.78 26.55 72.55 

12 21.67 3.26 1.10 0.34 25.36 4.97 38.69 65.56 22.46 71.10 

JBD20AL25C25 

0 0.20 0.03 0.40 12.49 0.68 1.89 40.16 1.70 66.04 75.99 
3 5.48 0.87 0.55 0.64 13.38 2.71 41.82 31.99 47.10 74.55 
6 10.83 1.68 0.75 0.45 18.97 3.40 38.46 49.33 33.84 73.03 
9 16.35 2.50 0.95 0.38 22.30 4.29 38.34 58.16 26.42 72.22 

12 21.87 3.38 1.10 0.33 26.04 5.10 39.35 66.16 22.46 71.10 
JBD20C25 0 0.22 0.03 0.45 12.89 0.67 1.98 37.73 1.77 58.88 76.13 
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3 5.68 0.90 0.60 0.67 12.94 2.82 40.33 32.08 43.60 75.16 
6 11.02 1.71 0.75 0.44 19.65 3.57 40.96 47.97 34.05 73.39 
9 16.39 2.52 0.95 0.38 22.84 4.42 39.99 57.12 26.49 72.34 

12 21.51 3.31 1.15 0.35 24.73 5.12 38.25 64.65 21.49 71.02 
JBD20C50 0 0.22 0.04 0.45 12.89 0.66 1.89 35.93 1.85 58.59 75.85 

3 5.84 0.93 0.60 0.65 13.19 2.73 38.89 33.91 43.24 74.66 
6 11.20 1.77 0.80 0.45 18.94 3.64 38.84 48.76 32.18 74.08 
9 16.42 2.51 0.95 0.38 22.60 4.29 38.62 58.53 26.03 71.15 

12 21.69 3.31 1.10 0.33 25.71 4.98 38.68 66.46 22.46 71.10 

JBD20AL50C50 

0 0.25 0.04 0.45 11.01 0.77 1.96 36.85 2.09 58.85 76.30 
3 5.95 0.94 0.60 0.64 13.31 2.81 39.59 33.61 43.11 74.51 
6 10.85 1.68 0.75 0.45 18.94 3.62 40.80 46.41 33.94 73.32 
9 16.52 2.59 0.95 0.37 23.04 4.31 38.34 60.09 26.63 72.87 

12 21.71 3.40 1.10 0.33 26.12 5.08 39.01 66.95 22.54 71.42 
 

 


