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Abstract 

 This study aims to investigate experimentally the effect of adding 

Al2O3 nanoparticles to pure diesel fuel on soot and unburned hydrocarbon 

(UHC) concentrations emitted from diesel engines at different loads and 

compression ratios. Nano-fuel is prepared by mixing aluminum oxide 

(Al2O3) (particle diameter < 50 nm), with diesel fuel using a mixer and the 

ultrasonic cleaner. The investigation was carried out on a variable 

compression ratio, single-cylinder, four-stroke, direct-injection diesel 

engine with a displacement of (553 cm
3
). The engine develops 3.7 kW at 

1500 rpm. Three doses of Nano-AL2O3 particles (25, 50 and 100 ppm) are 

used in preparing the Nano-diesel. It is found generally that adding Nano-

particles to diesel fuel reduces the emitted soot concentration. The results 

show that for all types of fuel (pure diesel,diesel+AL2O3) the soot 

concentration increases with load. For pure diesel at no load and 

compression ratio 13.5 the soot concentration is (364 mg/m
3
) under while 

same CR but at full load the soot concentration is (900 mg/m
3
). Also for 

pure diesel and 13.5 CR and no load the UHC concentration is (2743 

mg/m
3
) while at full load the concentration is (3126 mg/m

3
). 

 The results also shows that the addition of Nano-particles to diesel 

fuel reduce the concentration of soot and increase that of UHC for all dose. 

For example, at 100 ppm dose and full load and 13.5 CR the soot 

concentration is (366 mg/m
3
) compare with (900 mg/m

3
) for pure diesel 

under same conditions. The UHC concentration increases from (3126 

mg/m
3
) for pure diesel at full load and CR13.5 to (3663.75 mg/m

3
) for 

Nano-diesel with 100ppm dose under same conditions. 

 The results also reveal that adding Nano-particles to diesel fuel 

reduces both soot and UHC concentrations at all compression ratios. For 

example, with a CR 13.5, 100 ppm dose and full load, the soot 
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concentration is (366 mg/m
3
), but at a CR 17.5, 100 ppm dose and full 

load, the soot concentration is (266 mg/m
3
). Under the same conditions, the 

UHC concentration decreased from (3663 mg/m
3
) for CR 13.5 to (3354 

mg/m
3
) for CR17.5. 
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1 Chapter One :Introduction 

1.1 Introduction   

Compression ignition (CI) diesel engines increasingly benefit from 

their intrinsically high fuel efficiency and durability in surface 

transportation, heavy machinery and remote power production in 

comparison to gasoline engines. Nevertheless, diesel engines produce 

substantial quantities of PM pollution, sometimes referred to as soot, that 

jeopardize air quality and human health in especially in metropolitan 

contexts. Typically, the diesel soot particles consist of aggregated primary 

particles, with unburned hydrocarbons absorbed on their surfaces and 

inorganic species. Soot particles are deadly because of the high number of 

poisonous compounds they carry, and because of their small size, they can 

penetrate deep into our lungs and even enter the bloodstream. So soot 

emission is one of the major draw backs of diesel engines. This draw back 

must be dramatically reduced for save environment air quality.  

 These objectives need good understanding of soot formation and 

oxidation process that lead to soot release. Soot formation is the result of 

complicated physical and chemical processes, which are the foundation of 

soot models. Nucleation of gas phase precursors results in the formation of 

incipient solid soot particles [1]. As a result, surface reactions occur, 

resulting in growth or oxidation of the soot particles. Over the soot 

particles, the gas phase species condense as well. These particles coagulate 

with each other over time, generating bigger particles. It's crucial to have 

accurate kinetic models in order to forecast the gas phase species involved 

in all of the processes that contribute to soot formation [2] 

PAHs (Polycyclic Aromatic Hydrocarbons) are widely acknowledged 

gas phase species for soot precursors, acetylene for surface development, 
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and O2 and OH for oxidation. Inception, condensation, and coagulation are 

all physical processes that include collisions, such as (1) gas phase 

precursors colliding for inception, (2) gas phase precursors colliding with a 

soot particle for condensation, and (3) two soot particles colliding for 

coagulation. Fuel vapor, acetylene, and higher PAH compounds have all 

been utilized as precursors in soot models over the years. 

1.2 Soot Release Processes 

Pyrolysis, nucleation, coalescence, surface growth, agglomeration, 

and oxidation are six frequently identified processes that transform liquid 

or vapor-phase hydrocarbons into solid soot particles and possibly back to 

gas-phase products. The soot production process is depicted schematically 

in fig(1-1) as a series of the first five processes, whereas oxidation, the 

sixth phase, changes hydrocarbons to CO, CO2, and H2O at any point in the 

process. These process are describing briefly in the following paragraphs. 

1.2.1 Soot Formation Fundamentals 

Soot formation is a complex process that involves an evolution of 

molecular weight or size in which a huge number of molecules undergo 

numerous chemical and physical interactions[3] .Despite a large number of 

studies on the mechanism of soot production in the literature, the process 

remains a mystery. A number of questions about the chemistry of soot 

generation remain unanswered and contested, while some are broadly 

accepted, such as [4]: 

 Soot formation initiates with some precursors. 

 Nucleation of heavy molecules forms particles. 

 Surface growth of a particle facilitated by adsorption of gas phase 

molecules. 

 Reactive particle-particle collisions lead to coagulation. 
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 Surface oxidation of the molecules and soot particles reduces the soot 

mass. 

On a molecular level, the combination of light HCs (acetylene) 

produces big aromatic rings. Furthermore, initial soot particles are thought 

to develop as a result of either mass surface growth or coalescence of larger 

aromatic molecules. D. R. Tree et al, [1] described the soot generation 

process in five steps, see fig (1-1), with acetylene and PAH molecules 

assisting in the creation of precursor molecules (initial step). The following 

steps are nucleation, mass expansion, coagulation, and agglomeration. The 

breakdown of  HC fuel results in tiny HC radical forms, [1] soot formation 

mechanism. These tiny HC radicals are later incorporated to the formation 

of unsaturated HCs after they have accumulated a sufficient number of 

carbon atoms in their structure. Acetylene is a key player in the 

development of bigger aromatic rings among these HCs. The production of 

primary soot particles is caused by the coagulation of the bigger aromatic 

rings. These basic soot particles coalesce fast, taking up gas-phase 

molecules for surface development at the same time [5] . 

 

Figure (1- 1) Soot formation steps [3]. 
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1.2.2 Pyrolysis 

Pyrolysis is a process in which hydrocarbons undergo extensive 

breakdown and atomic realignment of fuel molecules prior to the creation 

of soot. There is generally insufficient oxygen delivery throughout the 

pyrolysis process. These reactions are endothermic in nature, which 

explains why they are so temperature sensitive. Fuel pyrolysis allows for 

the creation of soot precursors. The pace of pyrolysis and oxidation 

depends on the type of flame created. Because there is enough oxygen in 

premixed flames, less soot is created [6]. 

1.2.3 Formation of Precursors of Soot 

Precursors are the molecules responsible for the initiation of soot 

production and growth. Diesel combustion produces precursors, which are 

then used to create soot particles via the Soot inception mechanism. 

Because newly generated soot particles are so minute (about 1.5 nm), it's 

difficult to comprehend how they develop, making experimental 

investigation  challenging [4]. Acetylene is a significant precursor because 

it is involved in the creation of C3 and C4 HCs, which leads to the 

formation of the first aromatic ring [3]. The accumulation of C2H2 

molecules culminates in the production of initial aromatic rings, which act 

as soot precursors. Because of the limited synthesis of some intermediary 

molecules through acetylene and the complexity of experimental research, 

PAHs molecules are considerably more commonly used as soot precursors 

than acetylene. The relative contribution of different types of PAH 

molecule development processes appears to be mostly a function of the 

type of fuel employed. 

1.2.4 Particle Nucleation or Inception (Coalescence) 

The creation of soot particles from heavy PAH species spans the 

transition from gaseous to solid-phase heavy molecules in a combustion 
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process, resulting in the formation of juvenile soot with an atomic mass of 

about 2000 atomic mass unit (amu) and an effective diameter of about 1.5 

nm [4] .  

1.2.5 Surface Growth 

The accretion of gaseous molecules such as acetylene and PAH 

species, particularly PAH radicles, causes the bulk development of young 

soot particles. There is no identifiable transition phase between the end of 

nucleation and the beginning of mass expansion (surface growth). Rather, 

the two processes proceed concurrently. The surface reactions of nascent 

soot particles with gas-phase species are mediated by the ―hydrogen – 

abstraction – C2H2 – addition‖ (HACA) mechanism [7]. The soot surface 

property is a key element in the HACA development process. C–H bonds 

on the soot particle's surface interact with H and OH radicals to produce 

reactive sites where gas-phase species (mostly acetylene) can be added to 

the soot particle's surface, resulting in soot surface development [8] .  

1.2.6 Particles Coagulation (Agglomeration) 

During the mass growth process, particles collide and stick together. 

During collisions, there is a significant increase in particle size and a drop 

in particle number, although the total mass of soot is unchanged [9] . The 

gaseous species continue to accrete by agglomeration following the early 

production of coagulated particles via sticking impacts, partially masking 

the identity of spherical initial particulate units, as observed in SEM 

micrographs of soot particles, where they form long chain-like formations.  

1.2.7 Oxidation Process 

Some solid soot particles and soot Precursors are oxidized into 

gaseous products such as CO and CO2 mostly through surface oxidation, 

resulting in a reduction in soot mass. Unlike the preceding steps, which 

occur during a specific step, surface oxidation is a continuous process that 
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happens during and even after soot formation. The rate of surface 

oxidation, like the rate of surface growth, is determined by the surface area 

of the soot particles. O, O2, and OH are the oxidizing species under fuel-

rich conditions, but in lean conditions, H2O, CO2, NO, N2O, and NO2 are 

all possible oxidizing species [3]. 

1.3 Soot Reduction Technique by Nano-Particles Addition  

One of the most important and new subjects in internal combustion 

engines is nanotechnology. Nanotechnologies in ICE have numerous 

applications, including Nano-fluids, Nano-composites, Nano-rubbers, 

Nano-materials, Nano-fuel, and so on. Furthermore, the combustion 

properties of particular Nano-particles make them appropriate for use as 

Nano-fuel additives. Nano-fuel technology is used in this study. 

Several studies found that adding Nano-particles to diesel fuel or 

diesel-water emulsions improves engine performance and reduces 

pollutants. These studies also demonstrated that such addition improves the 

cetane number and heating value of fuel, hence increasing combustion 

efficiency. Some fuel properties, including density, viscosity, and flash 

point temperature, are improved as a result of this addition. The addition of 

Nano-materials to fuel reduces the ignition delay, boosts combustion speed, 

and enhances heat release rate due to the high cylinder pressure limit. 

Furthermore, diesel-added Nano-particles can have high flash temperatures, 

resulting in a significant improvement in fuel storage and transport. They 

also minimize cloud point heat and improve beginning operation in cold 

weather circumstances, raise the surface area-to-size ratio, and improve 

radiation/mass transfer characteristics, resulting in better and faster ignition 

[10].  
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1.4 Layout of Dissertation 

This dissertation is divided into five chapters: 

1) The first chapter states the research problem and the technique used to 

solve it.  

2) The second chapter provides a comprehensive and thorough review of 

the literature related to the research problem. 

3) The experimental rig construction and measuring instruments are 

described in the third chapter. 

4) In chapter four, the study's findings are presented and debated. 

5) The fifth chapter summarizes the conclusions and recommendations. 

 

1.5 Objective  

The aim of the present work is to investigate the influence of the 

addition of Nano-particles to diesel fuel on soot release, UHC 

concentrations and soot morphology in the exhaust gases of a diesel engine. 

Aluminum Oxide will be used for this pupose mixed with diesel fuel 

in a single cylinder, four stroke, water cooled variable compression ratio 

diesel engine. 

A special soot collecting filter will used. This filter is made of glass 

and packed with cotton. 
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2 Chapter Two: Literature Reviews  

2.1 Introduction 

Diesel soot is one of the main environmental pollutants. It is fine 

particulates generated during the pyrolysis, or the combustion of diesel fuel 

at high temperatures. Reducing emissions of exhaust from such engines 

will reduce air pollution dramatically. The addition of nanomaterials 

contributes to the reduction of soot in exhaust emissions. 

2.2 Experimental Studies of Soot Concentration and Morphology  

D. K. Srivastava et al.,(2011) [11] studied the concentration and size 

distributions of soot particles emitted by a naturally aspirated, water-

cooled, single-cylinder, diesel-powered direct injection compression 

ignition (DICI) engine. The tests were carried out at a constant engine 

speed (1500 rpm) and with variable engine load. The bulk and size 

distribution of soot particles varies greatly depending on engine load. With 

increased engine load, the width of the generated particle size distribution 

widens. The process of soot generation and release in diesel engines is 

heavily impacted by the localized temperature distribution and fuel/air 

ratio, both of which vary substantially throughout the combustion chamber. 

The rate of soot generation and emission is affected by temperature and 

fuel/air ratio changes. In the fuel-rich spray zones, the rate of soot creation 

exceeds the rate of soot oxidation, resulting in the formation of new soot, 

whereas in the lean zones, the rate of oxidation exceeds the rate of 

formation, resulting in a reduction in soot concentration in these zones. 

P. Verma et al., (2018) [12] performed the shape and nanostructure 

properties of soot particles utilizing three distinct fuels with varied oxygen 

concentration, namely D100, Bu20, and Bu30, in an experimental 

examination on a six-cylinder turbocharged, common rail compression 
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ignition engine. They discovered that one of the major parameters in the 

morphological properties of soot particles is primary particle size. In 

general, main particle diameter increases as engine load increases and 

reduces as butanol proportion in fuel blend increases. The air-fuel ratio 

falls as the engine load increases, and the primary particle diameter grows. 

This is most likely due to higher temperatures in the combustion chamber 

and more fuel mass burning with less surplus oxygen. Soot is most 

typically found in the form of aggregates, which are made up of 

approximately spherical primary particles that form clusters. 

P. Verma et al.,(2019) [13] investigated the morphology and 

nanostructure of soot particles at different engine operating modes (engine 

load and speed) and fuel oxygen content by the addition of n- butanol to 

diesel. The distribution of primary particle diameters was determined from 

the burning of various fuels. In general, as engine load increased, so did the 

size of the primary particles. As engine speed increased, the size of the 

primary particles dropped. A higher engine load results in a lower air fuel 

ratio, which causes the main particle diameter to grow. This pattern could 

be attributed to combustion occurring in the presence of less extra oxygen 

at high engine loads with increased in-cylinder temperature and pressure. 

Furthermore, while the engine is under heavy load, more fuel is fed into the 

combustion chamber and burnt during the diffusion phase of combustion. 

These in-cylinder conditions stimulate the nucleation and surface growth of 

soot particles while suppressing soot oxidation, resulting in an increase in 

primary particle diameter. Smaller primary particles resulting from a faster 

engine speed. Increasing the engine speed from 1500 to 1800 rpm at full 

load resulted in a 30% reduction in primary particle sizes. The decrease in 

particle diameter as engine speed increases could be attributed to 

combustion characteristic time (or combustion duration) and residence 



Chapter Two…………………………………………………….……………………………………………………. Literature Reviews 

 

10 

 

time, which is inversely proportional to engine speed. Because a faster 

engine has a shorter residence time for particle development, particle 

diameter lowers. The combustion process's diffusion phase boosts soot 

nucleation and surface growth, resulting in bigger sized primary particles at 

lower engine speeds. 

J. Mei et al.,(2021)[14] carried out  the detailed sooting characteristics 

at high equivalence ratios and low temperatures during the pyrolysis of 

ethylene in a flow reactor. It was found that temperature has a significant 

influence on the shape of soot aggregates. As the temperature drops, the 

particles become less fractal, and the joint becomes more visible as the 

primary particle size increases. Because of their poor maturity and 

carbonization, nascent particles easily agglomerate at lower temperatures. 

This can be attributed to the increased synthesis of PAHs, resulting in a 

faster nucleation and surface growth rate with a modest amount of oxygen. 

In contrast, when too much oxygen is added, the oxidation impact on soot 

precursors and particles takes over. 

M. Salamanca et al.,(2012)[15] investigates the influence of the 

molecular structure of the fatty acid esters present in two neat biodiesel 

fuels and their blend (50% by volume) on particulate matter emission. 

Experiments were carried out in a four-cylinder direct injection vehicle 

diesel engine under carefully regulated operating conditions, so that the 

difference in performance and emissions was caused solely by the 

composition and qualities of the biodiesel fuel. Linseed biodiesel (BL100) 

produces more PM and unburned hydrocarbons (UHC) than Palm biodiesel 

(BP100) due to more unsaturated chemicals in its makeup, which favor the 

generation of soot precursors in the combustion zone. Linseed biodiesel 

contains a high concentration of linoleic and linolenic acid. As a result, it is 



Chapter Two…………………………………………………….……………………………………………………. Literature Reviews 

 

11 

 

thought that the chemical disintegration of these molecules contributes to 

the creation of soot precursor species to some extent.  

M. Salamanca et al., (2012)[16] carried out  the effect of the 

molecular structure of fatty acid esters found in biodiesel and their blends 

with diesel on the chemical properties of emitted particulate matter. The 

opacity index was used to calculate the amount of particulate matter 

emitted. When biodiesel is added to fuel, it was observed that particulate 

matter decreases. Transmission electron microscopy was used to 

approximate particle size distribution. When the concentration of 

unsaturated methyl esters in the fuel is low, there is a significant reduction 

in soot formation. This was accompanied by a decrease in the amount of 

aliphatic carbon in the particulate matter. This is due to an increase in the 

oxygen content of the fuel and the absence of aromatic and unsaturated 

hydrocarbon compounds in biodiesels, which promotes the reduction of 

soot and soot precursors. It is also discovered that the smoke opacity, 

which is related to particulate matter emission, was higher for diesel fuels 

than for biodiesel fuels. This property, however, increased with the degree 

of unsaturation in biodiesel fuels. 

C. Sun et al,.(2019)[17] studied and  investigated the injection in a 

light duty multi-cylinder turbo diesel engine to reduce PM. Soot emissions 

are reduced by 11–21% in close-coupled post injection settings, and by 28–

33% in long-dwell post injection situations. Fuel from the post injection 

interacts with the primary injection fuel, as evidenced by the variation in 

soot reactivity. Furthermore, as injection dwell and post injection size 

grow, soot surface oxygen and amorphous carbon content rise. The size of 

primary soot particles and particle aggregates does not change greatly after 

injection. Post-injection soot reveals shrinking-core-type oxidation without 

graphene layer rearrangement. 
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2.3 Effect of Nano- Particles on Soot Concentration 

Z. Zhang et al.,(2011)[18] performed experiments on a 4-cylinder 

direct-injection diesel engine using Euro V diesel fuel, diesel fuel plus 

fumigation methanol, and diesel fuel plus fumigation ethanol to compare 

their effects on the engine's gaseous and particle emissions under five 

engine loads at the maximum torque speed of 1800 rpm. Fumigation of 

methanol or ethanol, when compared to Euro V diesel fuel, could reduce 

NOx and particle mass and number emissions from diesel engines. With 

fumigation, methanol being more successful than fumigation of ethanol in 

particulate reduction. The reduction of NOx and particulates is more 

effective as the level of fumigation is increased. The decreased particle 

emission from fumigation methanol or ethanol can be attributed to a 

number of factors. To begin with, less diesel fuel is consumed because 

methanol or ethanol replaces a portion of the fuel. As a result, there is less 

diesel fuel combusting in the diffusion mode. Second, in the premixed 

mode, more diesel fuel is used due to the longer ignition delay. Third, 

diesel fuel is made up of a complex mixture of heavy molecules, including 

aromatics and unsaturated chemicals. Under fuel-rich combustion 

circumstances, the carbon-to-hydrogen ratio is high, and there is a tendency 

for soot precursors to develop. Methanol and ethanol are both free of 

aromatics and have a lower C/H mass ratio, resulting in reduced particle 

emissions. Despite the fact that more fuel is utilized in the fumigation 

mode, particulate emissions are reduced.  

 M. Mirzajanzadeh et al., (2015) [19] carried out an investigation on 

the influence of CeO2 with carbon nanotube additive on biodiesel 

combustion . The results showed that the high surface area of the soluble 

Nano-sized catalyst particles, as well as their correct distribution, resulted 

in considerable overall improvements in the combustion process. All 
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pollutants, including NOx, CO, UHC, and soot, were reduced by up to 18.9 

%, 38.8 %, 71.4 %, and 26.3 %, respectively. 

S. Karthikeyanet al,.(2018)[20] carried out an investigation on 

Botryococcus braunii microalgae biodiesel as an alternative fuel for diesel 

marine engines . Experiments with Ni-Doped ZnO nano additive mixed 

with algal biodiesel and neatdiesel fuel were used to validate the diesel 

engine. The effect of Ni-ZnO was evaluated as a potential Nano additive 

for compression ignition engines. It was discovered that when doped Ni-

ZnO blends added to B20, emissions such as PM, UHC, NOx, soot, and 

smoke were reduced. The results showed that doped Nano additive blends 

emit less pollution than B20. 

S. H. Hosseini et al., (2017) [21] investigated  the performance and 

exhaust emissions of a single-cylinder engine using B5 and B10 fuel blends 

combined with carbon nanotubes (CNTs). CNTs were added to the fuel 

blends in doses of 30, 60, and 90 ppm. Under full load, the testing was 

carried out at three engine speeds: 1800, 2300, and 2800 rpm. The findings 

of emissions characteristics revealed that CO, UHC, and soot emissions fell 

by 65.70%, 44.98%, and 29.41%, respectively. NOx emissions increased 

by 27.49 %. One of the primary causes for the large reduction in soot 

concentration is the inclusion of CNTs in fuel mixes, which reduces 

viscosity. The presence and movement of carbon nanotubes within the gaps 

between fuel molecules reduced viscosity and improved fuel atomization. 

H. Chen et al., (2019)[22] studied the combustion and emission 

characteristics of diesel, n-pentanol and methanol blends in a common rail 

diesel engine. Blended fuels have longer ignition delays, greater peak heat 

release rates, shorter combustion durations, and higher peak combustion 

temperatures than diesel under low and partial loads. At medium and high 

loads, greater oxygen concentrations cause blended fuels to have higher 
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diffusion combustion intensities than diesel, resulting in higher peak 

combustion temperatures. The ignition delay lengthens, the combustion 

duration shortens, and the peak combustion temperature rises as the 

methanol blending ratio rises. Methanol also reduces soot emissions while 

increasing NOx emissions. 

M. Chandran et al., (2020)[23] studied the effect of cerium oxide 

(CeO2) as an additive to distilled tire oil mixes (DTO30) in diesel engine 

operation. The Nano cerium oxide (morphology: spherical with a size of 20 

nm) was added to the distilled tire oil blend in amounts of 50 mg/L and 100 

mg/L. The addition of this CeO2 to tire oil blends reduces emissions, 

increases soot suspension time, and improves engine performance. CeO2 is 

important in maintaining a lower temperature and more oxygen near the 

conclusion of combustion. Because of the higher surface energy of CeO2, 

soot developed a layer surrounding the CeO2. This would aid in decreasing 

the suspension time of soot in the atmosphere, allowing it to be deposited 

promptly after emission. The use of additives has been shown to reduce 

soot particle size by up to 20%. In TEM morphology, the size of soot 

particles was enlarged due of the intensity with which it binds around the 

cerium oxide; the size was increased up to 200 nm to 300 nm larger than 

normal. 

Y. H. Bello et al., (2020)[24] studied  the performance, combustion 

and emissions characteristics, and soot morphology of compression ignition 

(CI) engine running on diesel fuel, with different nanoparticles. Three 

different nanoparticles with a concentration of 50 mg/l were considered. 

These are graphene oxide (GO), titanium oxide (TiO2) and GO doped with 

TiO2 (GO-TiO2).. Three distinct nanoparticles with concentrations of 50 

mg/l were investigated. It has been proposed that particulate matter from 

oxygenated fuels has shorter fringes and more tortuosity, and that the 
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presence of oxygen molecules is responsible for lowering particle size and 

number. Furthermore, the increased fringe tortuosity of 1.85 at 80 % engine 

load could indicate improved soot reactivity for GO-TiO2. The presence of 

oxygen in the nanoparticles increased the oxidation of soot. This shows that 

the Nano-fuel was able to suppress PM generation due to greater reactivity 

and better combustion behavior, which was aided by the presence of 

oxygen molecules. The oxygen molecules provided by the GO-TiO2 

promoted complete carbon oxidation, limiting the creation and collision of 

primary particles and, as a result, restricting the formation of large 

particulate clusters. In the HR-TEM image, soot formation begins from the 

inner core to the outside shell, which clearly defines the soot particle's 

boundary. 

X.Zhang et al., (2020) [25] investigated the effects of adding 20% vol 

biodiesel to petroleum diesel (to produce a mixture termed B20) on the 

physical properties and reactivity of the resulting exhaust soot particles. 

The tests were carried out at various engine loads and a constant speed. 

Increased engine loads result in soot aggregates with more compact 

morphology and primary soot particles with larger size and more structured 

for both petroleum diesel fuel (DF) and B20 soot. The B20 aggregates have 

a somewhat more compact shape and a smaller primary particle size than 

the DF soot. The air–fuel ratio was closely linked with the primary particle 

size. The air–fuel ratio for a diesel engine is approximately inversely 

proportional to the engine load in theory. As engine load increases, the 

lower air–fuel ratio is expected to encourage soot nucleation and growth, 

resulting in an increase in primary particle size. Utilizing biodiesel fuel 

reduces the size of the main particles Three causes can be attributed to the 

decrease in primary particle size. Firstly , the presence of oxygen in 

biodiesel enhances the local air–fuel ratio, encouraging soot oxidation. 
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Second, the reduced carbon concentration in biodiesel decreases the surface 

development rate of soot particles. Finally, the strong oxidative reactivity 

of biodiesel particles induces particle shrinking. The B20 soot has higher 

oxidative reactivity than the DF soot at the same engine load because it has 

lower values for peak temperature, burnout temperature, and apparent 

activation energy. 

M. A. Fayad et al,.(2021)[26] studied The effect of different 

concentrations of aluminum oxide (Al2O3) nanoparticles (30, 50 and 100 

mg/L) with a mixture of butanol and diesel (B20) on combustion, particle 

(PM) and emission characteristics . The pyrolysis of the butanol mixture 

was found to be catalytically improved in the presence of nanoparticles. As 

a result, a decrease in soot precursors delays the possible production of soot 

particles. The results showed that adding 100 mg/L of Al2O3 nanoparticles 

was the most effective mixture for reducing PM. The dual effect of B20 

oxygen content and nanoparticles improves combustion while reducing 

particle production in the combustion chamber and along the exhaust pipe. 

Surprisingly, the particle concentration dropped as the concentration of 

nanoparticles added to B20 increased. This could be attributed to a 

decrease in precursor synthesis and a decrease in the amount of soot 

particles created during the combustion process. When varied amounts of 

Al2O3 nanoparticles were added to B20, the average particle diameter rose 

by 9.2%. This could be owing to the increased propensity for collisions 

between elementary particles and soot agglomerates to generate large-

diameter particles. High collisions between initial soot particles enhanced 

the diameter of the soot agglomerates. The inclusion of nanoparticles in 

B20 was thought to increase the possibility for these particles to bind to 

other large soot particles already created, resulting in larger diameter 

particles. 
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D. Mei et al., (2019)[27] studied the impact of adding two typical 

Nano-materials Nano-MoO3 (which represents metal oxides and has a 

favorable catalytic function) and  CNT(which are non-metallic and have 

high thermal conductivity) to neat diesel. The suitable physical and 

chemical dispersion procedures were used to generate CNT-diesel and 

MoO3-diesel Nano-fuels. It was discovered that CNT-diesel and MoO3-

diesel outperformed neat diesel in terms of fuel efficiency Combustion, and 

emissions. The use of nanoparticles (particularly CNT) enhances the heat 

transfer coefficient between fuel and air, promoting fuel evaporation and 

uniformizing the produced mixture. This can help fuel burn more 

efficiently, reducing soot production. The brief ignition delay of CNT-

diesel and MoO3-diesel Nano-fuel blends can lower the combustion 

temperature and hence reduce soot generation by repressing thermal 

degradation under high temperatures. Furthermore, MoO3 functions as an 

oxygen-donating catalyst, providing the extra oxygen required for 

combustion, alleviating the rich mixture's oxygen deficit and encouraging 

the soot to oxidize further. 

J. Liu et al., (2020)[28]  selected the naphthenic acid cerium solution 

as the fuel-borne catalyst (FBC), which was combined with diesel fuel at 

four ratios. They studied the effects of a ce-based (FBC) on the catalytic 

oxidation of soot particles of the diesel engine. Experimental studies were 

conducted on a light-duty, diesel engine. They investigated the smoke 

emissions, particle size, soot oxidation properties, and catalytic (DPF) 

diesel particulate filter (DPF) regeneration. Experimental data indicated 

that the fuel economy of FBC fuels can be improved and emissions of 

exhaust gas and smoke reduced. When the engine is fueled with FBC fuels, 

the particle mass distribution shifts to the small particle size, the proportion 

of accumulation mode particles increases, and the proportion of coarse 
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mode particles decreases. The temperature of soot oxidation decreases as 

the FBC ratio increases, and the temperature of DPF regeneration can be 

reduced as the diesel engine is fueled with FBC. 

H. Zhouet al,.(2019)[29] analyzed the combustion and emission 

performance of the separated swirl combustion system (SSCS) under 

different speeds in a single-cylinder engine. According to the trial results, 

at 2100 rpm, the SSCS greatly reduced fuel consumption (approximately 

6.54 g/(kW h)) and soot emission by 2.89 and 6.31 %, respectively. The 

simulation results revealed that the double swirl combustion system 

(DSCS) generates more incipient soot particles and soot mass than the 

SSCS, while the SSCS oxidizes surface soot faster. The mechanisms study 

revealed that the equivalency ratio in the SSCS is lower than in the DSCS, 

resulting in fewer incipient soot particles, and that the temperature is 

higher, accelerating soot oxidation. Furthermore, the SSCS has a 

substantially shorter combustion duration than the DSCS, which means that 

the interval between the end of combustion and the exhaust valve opening 

is longer, allowing for more soot oxidation. Soot mass is also smaller in the 

SSCS than in the DSCS due to less soot generation and faster soot 

oxidation. 

H. Venu et al,.(2019)[30] focused on the combined effect of Nano 

additives, combustion chamber geometry and injection timing in a single 

cylinder diesel engine fuelled with ternary fuel (diesel-bio- diesel-ethanol) 

blends. Ternary fuel (TF) is doped with alumina Nano additions, resulting 

in high performance fuel (HPF). At higher temperatures during 

combustion, the in-built oxygen atoms released by Nano additions aid to 

oxidize the soot precursors, encouraging complete combustion and 

lowering UHC and soot emissions. The existence of an oxygen buffer in 

Nano additives, as well as lower viscosity and increased contact area of the 
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fuel-air mixture, all contribute to the fuel's rapid heat transfer rate. Metal 

oxide Nano additives function as oxygen donating catalysts, supplying 

oxygen for oxidation. Because of enhanced in-cylinder temperatures, there 

is more chance of oxidation of soot precursors and reduced soot at 

advanced injection timing, paving the way for vaporization of ethanol in 

HPF, followed by improved combustion and lower smoke emissions. 

S. Manigandan et al., (2020)[31] studied the corn blend biodiesel 

with titanium dioxide and Zinc oxide along with pentanol to examine their 

positive effects on a diesel engine. Diesel, corn vegetable oil methyl ester 

(CVOME) CVOME, CVOMEZ50, CVOMEZ100, CVOMET50, and 

CVOMET100 are the test fuels. The use of nanoparticles in biodiesel 

blends has a positive effect on attributes such as density, viscosity, cetane 

number, pour point, cloud point, and calorific value. CO, HC, and NOx 

emissions are reduced by 26%, 37%, and 19%, respectively, as a result of 

the addition of ZnO and TiO2. The increased oxygen concentration of 

biodiesel blends, when compared to diesel, reduces emissions. Soot 

emissions are reduced by an additional 10% when compared to diesel. In 

comparison to diesel, biodiesel emits less soot. In addition, CVOMET100 

produces 13.5 % less soot than the other evaluated fuels. CVOMEZ100 

emits 8% less soot than diesel. Because of its low viscosity and higher 

calorific value, TiO2 nanoparticles in CVOME fuel samples improve 

reaction stability during burning. 

D. Zhang et al,(2013)[32] investigated the effects of iron based 

homogenous combustion catalyst on the oxidative behavior and the 

nanostrucular features of soot generated from a single compression cylinder 

inflammation engine. As the reference at ultra-low dosage rates, the 

catalyst was homogenously integrated into a commercial diesel. Following 

TEM imaging examinations, it was discovered that the irregularly shaped, 
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aggregated soot particles were composed of a large number of spherical 

parent particles. The catalyst treated fuels produced smaller and more 

narrowly dispersed primary soot particles than the reference diesel. High-

resolution TEM imaging revealed graphitic crystallite structures in soot 

samples from both catalyst-treated and -untreated fuels, with no noticeable 

differences in the nucleus core regions, indicating that the catalyst had no 

effect on the internal structure of the soot. The increase in soot reactivity is 

owing to the catalytic impact of iron contained in the soot from the catalyst 

treated diesel, which became increasingly apparent when the catalyst 

dosage ratio was increased. As identified by the TEM imaging technique, 

the soot particles from the catalyst-treated fuels were also smaller and 

constituted of narrowly distributed primary particles. 

F. Tao et al,. (2009) [33] performed the prediction of soot production 

and oxidation processes in diesel engines. A nine-step phenomenological 

soot model had been created. The model includes nine generic steps: fuel 

pyrolysis, precursor species production and oxidation (including acetylene), 

soot particle inception, particle coagulation, surface growth and oxidation. 

Acetylene is formed during the fuel pyrolysis process. The particle is 

formed by a general gas-phase precursor species, which is the result of an 

irreversible reaction with acetylene. The acetylene addition reaction adds to 

the formation of soot on the surface. Particle coagulation influences particle 

size as well as particle density. Acetylene and precursor species each have 

their unique consumption pathways, which are defined by a single-step 

oxidation reaction. The research demonstrated that the nine-step approach 

is not only computationally efficient, but also fundamentally sound. 
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2.4 Effect of Operating Conditions on Soot Concentration 

R. Minamino et al.,(2013)[34] investigates the effect of compression 

ratio on soot emission while the Excess Air Ratio (EAR) is kept constant 

and the engine is operated at a higher load. Because of the increased 

capacity of the combustion chamber, the results revealed that soot 

production decreases as the compression ratio decreases. (EAR) determines 

the degree of soot emissions, which can be minimized by maintaining a 

high EAR (lean combustion). However, lean combustion with a restricted 

amount of air and maximum in-cylinder pressure necessitates a reduction in 

fuel injection volume, which results in a reduction in engine output. 

K. S. Prasad et al,. (2021)[35] investigated the effect of compression 

ratio CR and fuel injection pressure FIP on the combustion, performance, 

and emissions of a CI engine running on butanol/diesel (B/D) blends. 

Experiments were carried out on a Variable Compression Ratio (VCR) 

engine with three distinct (B/D) blends, adjusting the CR (CRs of 14:1, 

15:1, 16:1, 17.5:1, and 18:1) and the FIP (FIP of 200 bar, 220 bar, 240 bar, 

260 bar, and 280 bar) (butanol fraction of 0 %, 20 % and 40 % by volume). 

The experimental results showed that increasing the CR from 14 to 18 

enhanced in-cylinder pressure, net heat release (NHR), and brake thermal 

efficiency (BTE) for all (B/D) blends. With an increase in the CR from 14 

to 18, soot, CO, and the unburned hydrocarbon UBHC emissions dropped, 

however NOx emissions increased. Similarly, FIP increased in-cylinder 

pressure, net heat release (NHR), BTE, and NOx emissions while lowering 

soot CO and UHC emissions. 

S. Ramalingam et al,.(2014)[36] determined the best performance 

and emission characteristics of a single cylinder variable compression ratio 

(VCR) engine using various fuel blends of Annona methyl ester (AME). It 

was discovered that an A20 mixed fuel (20% AME + 80%) with a 
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compression ratio of 17:1 has greater performance and lower emissions 

than plain diesel. As the compression ratio is increased, the amount of 

smoke produced was gradually reduced. A20 produces 17.6 HSU (The 

smoke intensity is measured in terms of Hartridge smoke unit) at maximum 

load with a compression ratio of 17, resulting in a 21.4 % reduction in 

smoke when compared to plain diesel fuel. It's possible that this is due to 

biodiesel's two oxygen atoms, which cause soot to be oxidized, lowering 

soot emissions. It's also because the oxidation environment is better and 

there's a higher temperature and pressure at a higher compression ratio. The 

engine was run with different compression ratios (15, 16, and 17) to 

identify the optimum feasible combination for running with AME mixes. 

It's also been discovered that increasing the compression ratio raises the 

BTE while lowering the SFC.  

V. A. M. Selvan et al,.(2014)[37] studied the performance, 

combustion, and emission characteristics of a variable compression ratio 

engine using Cerium Oxide Nanoparticles and Carbon Nanotubes as fuel-

borne nanoparticles additives in Diesterol (diesel–biodiesel–ethanol) mixes. 

To estimate the emission reduction potential of CERIA and CNT as 

catalysts in Diesterol blends, studies on the performance, combustion, and 

emission characteristics were carried out on a variable compression ratio 

engine using the stable Diesterol–CERIA–CNT blends under various 

loading conditions at an optimum compression ratio of 19:1. The addition 

of CERIA and CNT to E20 mix reduced smoke at higher loads (greater 

than 0.44 MPa) because CERIA improves combustion and CNT suppresses 

soot. Nonetheless, smoke emissions are observed to be high at lower loads. 

Carbon Nanotubes operate as a catalyst to speed the burning rate, resulting 

in a shorter ignition delay, a lower heat release rate, and an earlier peak 

heat release rate. The Cerium Oxide Nanoparticles function as an oxygen 
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donating catalyst, supplying oxygen for the oxidation of carbon monoxide 

while absorbing oxygen for the reduction of nitrogen oxides. 

Z. Xu et al.,  (2014)[38] investigated the influence of injection timing 

on exhaust particle size and nanostructure  at two different engine loads on 

a heavy-duty diesel engine. Retarding injection timing enhances premixed 

combustion at low load, resulting in a drop in accumulation mode particle 

number, however at high load, retarding injection timing causes more 

intense diffusion combustion, resulting in more carbonaceous material. 

According to TEM pictures, the primary particle size decreases with 

increasing injection timing due to increase in-cylinder oxidation time and 

the average size of the primary soot particles is effectively lowered as 

engine load increases. This lowering tendency was driven by increasing 

particle oxidation due to greater engine load combustion temperatures.  The 

particle oxidation rate was thought to increase faster than the particle 

formation rate as the temperature increased, and so the predominant 

particle oxidation over particle formation and growth reduced the final 

primary soot particle size. 

D. Khatri et al., (2019)[39] studied  experimentally the consequences 

of ZnO nanoparticles addition on performance and emissions features of a 

4-stroke, single-cylinder diesel engine. Pure diesel is combined with ZnO 

nanoparticles in various amounts ranging from 5 to 25 mg. The oxidation 

of unburned hydrocarbons and soot particles is accelerated by ZnO 

nanoparticles, resulting in faster evaporation and a shorter ignition delay 

period. The premixed combustion phase shortens as a result of the shorter 

ignition delay interval, resulting in decreased soot emissions. At maximum 

load, the soot particle size decreases as the CR value rises. This could be 

owing to a shorter ignition delay time, which leads to fewer soot emissions. 

It has therefore been established that the addition of ZnO nanoparticles to 
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diesel might be recognized as good alternative fuel because it emits lower 

pollutants and works as environmentally friendly fuel. 

 

2.5 Summery 

Table (2.1) summarizes researches that are similar to my work in 

terms of study approach and results. 

Authors Conditions Observations 

(D. K. Srivastava 

et al,.2011)[11] 

 

Studied the concentration 

and size distributions of 

soot particles emitted by a 

naturally aspirated, water-

cooled, single-cylinder, 

diesel-powered direct 

injection compression 

ignition (DICI) engine 

.The tests were carried out 

at a constant engine speed 

(1500 rpm) and with 

variable engine load. 

 

Soot generation and emission in 

diesel engines is heavily impacted by 

the temperature distribution and 

fuel/air ratio of the combustion 

chamber. In the fuel-rich spray 

zones, the rate of soot creation 

exceeds the rate of soot oxidation, 

resulting in the formation of new 

soot, whereas in the lean zones, the 

rate of oxidation exceeds the rate of 

formation, resulting in a reduction in 

soot concentration. 
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Authors Conditions Observations 

(P. Verma et 

al.,2018) [12] 

Studied the shape and 

nanostructure properties of 

soot particles utilizing 

three distinct fuels with 

varied oxygen 

concentration, namely 

D100, Bu20, and Bu30, in 

an experimental 

examination on a six-

cylinder turbocharged, 

water after, common rail 

compression ignition 

engine. 

Soot is most commonly found in the 

form of aggregates, which are made 

up of spherical primary particles that 

form clusters. The diameter of soot 

particles increases as engine load 

increases and reduces as butanol 

proportion in fuel blend increases. 

This is due to higher temperatures in 

the combustion chamber and more 

fuel burning with less oxygen. 

(P. Verma et 

al.,2019) [13] 

Studied the morphology 

and nanostructure of soot 

particles at different 

engine operating modes 

(engine load and speed) 

and fuel oxygen content by 

the addition of n- butanol 

to diesel. The distribution 

of primary particle 

diameters was determined 

from the burning of 

various fuels. 

As engine speed increased, the size 

of the primary particles dropped. 

Increasing the engine speed from 

1500 to 1800 rpm at full load 

resulted in a 30% reduction in 

primary particle sizes. While the 

engine is under heavy load, more 

fuel is fed into the combustion 

chamber and burnt during the 

diffusion phase of combustion. 

These in-cylinder conditions 

stimulate the nucleation and surface 

growth of soot particles while 

suppressing soot oxidation. 
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Authors Conditions Observations 

(J. Mei et 

al.,2021)[14] 

 

Studied the detailed 

sooting characteristics at 

high equivalence ratios 

and low temperatures 

during the pyrolysis of 

ethylene in a flow reactor. 

 

It was found that temperature has a 

significant influence on the shape of 

soot aggregates.  As the temperature 

drops, the particles become less 

fractal and the joint becomes more 

visible as the primary particle size 

increases. This can be attributed to 

the increased synthesis of PAHs, 

resulting in a faster nucleation and 

surface growth with a modest 

amount of oxygen. 

(M. Salamanca, 

Mondragón, et 

al., 2012)[15] 

 

Studied the influence of 

the molecular structure of 

the fatty acid esters present 

in two neat biodiesel fuels 

and their blend (50% by 

volume) on particulate 

matter emission. 

 

Linseed biodiesel (BL100) produces 

more PM and unburned 

hydrocarbons (UHC) than Palm 

biodiesel. This is due to more 

unsaturated chemicals in its makeup, 

which favor the generation of soot 

precursors in the combustion zone. 

Soot particles can coexist with 

amorphous states including PAHs 

and aliphatic units. 
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Authors Conditions Observations 

(M. Salamanca, 

Agudelo, et al., 

2012)[16] 

 

Investigated the effect of 

the molecular structure of 

fatty acid esters found in 

biodiesel and their blends 

with diesel on the 

chemical properties of 

emitted particulate matter. 

 

When biodiesel is added to fuel, 

particulate matter emission 

decreases. This is due to an increase 

in the oxygen content of the fuel and 

the absence of aromatic and 

unsaturated hydrocarbon compounds 

in biodiesels. When the 

concentration of unsaturated methyl 

esters in the fuel was low, there was 

a significant reduction in soot 

formation. 

(C. Sun, Martin 

and Boehman, 

2019)[17] 

 

Studied and  investigated 

the injection in a light duty 

multi-cylinder turbo diesel 

engine to reduce PM. 

 

Soot emissions are reduced by 11–

21% in close-coupled post injection 

settings, and by 28–33% in long-

dwell post injection situations. Fuel 

from the post injection interacts with 

the primary injection fuel, as 

evidenced by the variation in soot 

reactivity. As injection dwell and 

post injection size grow, soot surface 

oxygen and amorphous carbon 

content rise. The size of primary soot 

particles and particle aggregates does 

not change greatly after injection. 
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Authors Conditions Observations 

(Z.Zhang et al., 

2011)[18] 

Studied  Experiments were 

carried out on a 4-cylinder 

direct-injection diesel 

engine using Euro V diesel 

fuel, diesel fuel plus 

fumigation methanol, and 

diesel fuel plus fumigation 

ethanol to compare their 

effects on the engine's 

gaseous and particle 

emissions of the engine 

under five engine loads at 

the maximum torque speed 

of 1800 rev/min. 

Fumigation of methanol or ethanol 

could reduce NOx and particle mass 

and number emissions from diesel 

engines. The reduction of NOx is 

more effective as the level of 

fumigation is increased. Methanol 

and ethanol are both free of 

aromatics and have a lower C/H 

mass ratio, resulting in reduced 

particle emissions. To begin with, 

less diesel fuel is consumed because 

methanol or ethanol replaces a 

portion of the fuel. 

(M. 

Mirzajanzadeh 

et al., 2019) 

[20] 

Carried out an 

investigation on the 

influence of CeO2 with 

carbon nanotube additive 

on biodiesel combustion . 

All pollutants, including NOx, CO, 

UHC, and soot, were reduced by up 

to 18.9%, 38.8%, 71.4% and 26.3% 

thanks to the use of Nano-sized 

catalyst particles, according to 

researchers at the University of 

Bristol. 

(S. Karthikeyan 

and Dharma 

Prabhakaran, 

2018)[20] 

Carried out an 

investigation on  

Botryococcus braunii 

microalgae biodiesel as an 

alternative fuel for diesel 

marine engines 

Results showed that doped Nano 

additive blends of biodiesel and neat 

diesel fuel emitted less pollution than 

B20. It was discovered that when 

doped Ni-ZnO blends added to B20, 

emissions such as PM, UHC, NOx, 

soot, and smoke were reduced. 
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Authors Conditions Observations 

(S. H. Hosseini et 

al., 2017) [21] 

 

Studied the performance 

and exhaust emissions of a 

single-cylinder engine 

using B5 and B10 fuel 

blends combined with 

carbon nanotubes (CNTs). 

 

Results of emissions characteristics 

revealed that CO, UHC, and soot 

emissions fell by 65.70%, 44.98%, 

and 29.41%. One of the primary 

causes of the large reduction in soot 

concentration is the inclusion of 

CNTs in fuel mixes, which reduces 

viscosity. 

(H. Chen et al., 

2019)[22] 

 

Studied the combustion 

and emission 

characteristics of diesel, n-

pentanol and methanol 

blends in a common rail 

diesel engine. 

 

Blended fuels have longer ignition 

delays, greater peak heat release 

rates, shorter combustion durations 

and higher peak combustion 

temperatures than diesel under low 

and partial loads. Methanol reduces 

soot emissions while increasing NOx 

emissions by reducing NOx while 

increasing carbon monoxide 

emissions. 
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Authors Conditions Observations 

(M. Chandran et 

al., 2020) [23] 

  

Studied the effect of 

cerium oxide (CeO2) as an 

additive to distilled tire oil 

mixes (DTO30) in diesel 

engine operation. 

 

The Nano cerium oxide 

(morphology: spherical with a size of 

20 nm) was added to the distilled tire 

oil blend in amounts of 50 mg/L and 

100mg/L. CeO2 is important in 

maintaining a lower temperature and 

more oxygen near the conclusion of 

combustion. In TEM morphology, 

the size of soot particles was 

enlarged due of the intensity with 

which it binds around the ceramic 

oxide. The use of additives has been 

shown to reduce soot particle size by 

up to 20. 

 

(Y. H. Bello et 

al., 2020)[24] 

 

Studied  the performance, 

combustion and emissions 

characteristics, and soot 

morphology of 

compression ignition (CI) 

engine running on diesel 

fuel, with different 

nanoparticles. 

 

Three distinct nanoparticles with 

concentrations of 50 mg/l were 

investigated. The presence of oxygen 

in the nanoparticles increased the 

oxidation of soot. Soot formation 

begins from the inner core to the 

outside shell, which clearly defines 

the soot particle's boundary. This 

shows that the Nano-fuel was able to 

suppress PM generation due to 

greater reactivity and better 

combustion behavior. 
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Authors Conditions Observations 

(X. Zhang et al., 

2020)[25] 

Investigated the effects of 

adding 20 vol.% biodiesel 

to petroleum diesel (to 

produce a mixture termed 

B20) on the physical 

properties and reactivity of 

the resulting exhaust soot 

particles. 

The air–fuel ratio for a diesel engine 

is approximately inversely 

proportional to the engine load in 

theory. As engine load increases, the 

lower air-fuel ratio is expected to 

encourage soot nucleation and 

growth, resulting in an increase in 

primary particle size. Utilizing 

biodiesel fuel reduces the size of the 

main particles. The B20 soot has 

higher oxidative reactivity than the 

DF soot at the same engine load. 

 

 

(M.A. Fayad and 

Dhahad, 

2021)[26] 

Studied The effect of 

different concentrations of 

aluminum oxide (Al2O3) 

nanoparticles (30, 50 and 

100 mg/L) with a mixture 

of butanol and diesel 

(B20) on combustion, 

particle (PM) and emission 

characteristics . 

The dual effect of B20's oxygen 

content and nanoparticles improves 

combustion while reducing particle 

production in the combustion 

chamber and along the exhaust pipe. 

Surprisingly, the particle 

concentration dropped as the 

concentration of nanoparticles added 

to B20 increased. This could be 

attributed to a decrease in soot 

particles created during the 

combustion process. The results 

showed that adding 100 mg/L of 

Al2O3 nanoparticles was the most 

effective mixture for reducing PM. 
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Authors Conditions Observations 

(D. Mei et al., 

2019)[27] 

 

Studied the impact of 

adding two typical Nano-

materials Nano-MoO3 

(which represents metal 

oxides and has a favorable 

catalytic function) and  

CNT(which are non-

metallic and have high 

thermal conductivity) to 

neat diesel. 

 

MoO3 functions as an oxygen-

donating catalyst, providing the extra 

oxygen required for combustion, 

alleviating the rich mixture's oxygen 

deficit and encouraging the soot to 

oxidize further. The use of 

nanoparticles enhances the heat 

transfer coefficient between fuel and 

air, promoting fuel evaporation and 

uniformizing the produced mixture. 

This can help fuel burn more 

efficiently, reducing soot production. 

(Liu et al., 

2020)[28] 

Selected the naphthenic 

acid cerium solution as the 

FBC, which was combined 

with diesel fuel at four 

ratios. 

Experimental studies were conducted 

on a light-duty, diesel engine. They 

investigated the smoke emissions, 

particle size, soot oxidation 

properties, and catalytic (DPF) diesel 

particulate filter regeneration. When 

the engine is fueled with FBC fuels, 

the particle mass distribution shifts 

to the small particle size and 

proportion of accumulation mode 

particles increases. Soot oxidation 

decreases as the FBC ratio increases, 

and the temperature of DPF 

regeneration can be reduced when 

the diesel engine is powered by FBC. 
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Authors Conditions Observations 

(J. Zhou, Li and 

Liu, 2019)[29] 

 

Analyzed the combustion 

and emission performance 

of the separated swirl 

combustion system 

(SSCS) under different 

speeds in a single-cylinder 

engine. 

 

The SSCS has a shorter combustion 

duration than the DSCS, which 

means that the interval between the 

end of combustion and the exhaust 

valve opening is longer, allowing for 

more soot oxidation. Soot mass is 

also smaller in the SSCS due to less 

soot generation and faster oxidation 

as a result of fewer incipient soot 

particles and soot mass. 

 

(H. Zhou et al,. 

2019)[30] 

 

Focused on the combined 

effect of Nano additives, 

combustion chamber 

geometry and injection 

timing in a single cylinder 

diesel engine fuelled with 

ternary fuel (diesel-bio- 

diesel-ethanol) blends. 

 

In-built oxygen atoms released by 

Nano additions aid to oxidize the 

soot precursors, encouraging 

complete combustion and lowering 

UHC and soot emissions. Metal 

oxide Nano additives function as 

oxygen donating catalysts, supplying 

oxygen for oxidation. The existence 

of an oxygen buffer in Nano 

additives, as well as lower viscosity 

and increased contact area of the 

fuel-air mixture, all contribute to the 

fuel's rapid heat transfer rate. 
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Authors Conditions Observations 

(S. Manigandan 

et al., 2020)[31] 

 

Studied the corn blend 

biodiesel with titanium 

dioxide and Zinc oxide 

along with pentanol to 

examine their positive 

effects on a diesel engine. 

 

The increased oxygen concentration 

of biodiesel blends, when compared 

to diesel, reduces emissions of soot. 

CVOMEZ100 emits 8% less soot 

than diesel because of its low 

viscosity and higher calorific value. 

(D. Zhang et al 

,.2013)[32] 

 

Studied the effects of iron 

based homogenous 

combustion catalyst on the 

oxidative behavior and the 

nanostrucular features of 

soot generated from a 

single compression 

cylinder inflammation 

engine. 

 

The soot particle structure of diesel 

fuel is composed of a large number 

of spherical parent particles. High-

resolution TEM imaging revealed 

graphitic crystallite structures in soot 

samples from both catalyst-treated 

and -untreated fuels. Iron ions from 

the catalyst were clearly active in the 

soot oxidation process rather than the 

early soot production stage, resulting 

in smaller and more narrowly 

dispersed primary soot particles. 

Soot samples from catalyst-treated 

fuels displayed higher oxidation 

reactivities than reference diesel. 
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Authors Conditions Observations 

(Tao et 

al,.2009)[33] 

 

Studied the prediction of 

soot production and 

oxidation processes in 

diesel engines. 

 

The particle is formed by a general 

gas-phase precursor species, which is 

the result of an irreversible reaction 

with acetylene. Particle coagulation 

influences particle size as well as 

particle density. Acetylene and 

precursor species each have their 

unique consumption pathways, 

defined by a single-step oxidation 

reaction. 

(S. Minamino et 

al., 2013)[34] 

Investigates the effect of 

compression ratio on soot 

emission while the Excess 

air ratio (EAR) is kept 

constant and the engine is 

operated at a higher load. 

Because of the increased capacity of 

the combustion chamber, the results 

revealed that soot production 

decreases as the compression ratio 

decreases.   

(F. S. Prasad al,. 

2021)[35]
 

 

Investigated the effect of 

compression ratio CR and 

fuel injection pressure FIP 

on the combustion, 

performance, and 

emissions of a CI engine 

running on butanol/diesel 

(B/D) blends. 

 

Soot, CO and the unburned 

hydrocarbon UHC emission dropped 

with an increase in the CR from 14 

to 18. FIP increased in-cylinder 

pressure, net heat release (NHR), 

BTE, and NOx emissions while 

lowering soot CO and UHC 

emissions. 
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Authors Conditions Observations 

(S. 

Ramalingam,. 

2014)[36] 

 

Determined the best 

performance and emission 

characteristics of a single 

cylinder variable 

compression ratio (VCR) 

engine using various fuel 

blends of Annona methyl 

ester (AME). 

 

As the compression ratio is 

increased, the amount of smoke 

produced was gradually reduced. 

A20 produces 17.6 HSU (The smoke 

intensity is measured in terms of 

Hartridge smoke unit) at maximum 

load with a compression ratio of 17. 

It's possible that this is due to 

biodiesel's two oxygen atoms, which 

cause soot to be oxidized, lowering 

soot emissions. The engine was run 

with different compression ratios 

(15, 16, and 17) to identify the 

optimum feasible combination. 

(V. A. M. Selvan 

et al,. 2014)[37]
 

 

Studied the performance, 

combustion, and emission 

characteristics of a 

variable compression ratio 

engine using Cerium 

Oxide Nanoparticles and 

Carbon Nanotubes as fuel-

borne nanoparticles 

additives in Diesterol 

(diesel–biodiesel–ethanol) 

mixes. 

 

Cerium Oxide Nanoparticles and 

Carbon Nanotubes are fuel-borne 

nanoparticles additives in Diesterol 

(diesel–biodiesel–ethanol) mixes. 

They reduce smoke at higher loads 

because CERIA improves 

combustion and CNT suppresses 

soot. Tests were carried out on a 

variable compression ratio engine 

with an optimum ratio of 19:1. 
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Authors Conditions Observations 

(Z. Xu et al., 

2014)[38]
 

  

 Investigated the influence 

of injection timing on 

exhaust particle size and 

nanostructure  at two 

different engine loads on a 

heavy-duty diesel engine. 

 

Soot particle size decreases with 

increasing injection timing due to 

increased in-cylinder oxidation time 

and the average size of the primary 

soot particles is effectively lowered 

as engine load increases. This 

lowering tendency was driven by 

increasing particle oxidation due to 

greater engine load combustion 

temperatures. The particle oxidation 

rate was thought to increase faster 

than the particle formation rate as the 

temperature increased. 

 

 

 

(D. Khatri et al., 

2019)[39]
 

 

Studied  experimentaly the 

consequences of ZnO 

nanoparticles addition on 

performance and 

emissions features of a 4-

stroke, single-cylinder 

diesel engine. 

 

Pure diesel is combined with ZnO 

nanoparticles in various amounts 

ranging from 5 to 25 mg. At 

maximum load, the soot particle size 

decreases as the C.R value rises. 

This could be owing to a shorter 

ignition delay time, which leads to 

fewer soot emissions. 
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Authors Conditions Observations 

 My present 

work 

 

Investigate the influence of 

the addition of Nano-

particles to diesel fuel on 

soot release and UHC 

concentrations and soot 

morphology in the exhaust 

gases of a diesel engine. 

 

The addition of AL2O3 Nano 

particles to diesel fuel reduces the 

soot concentration in the exhaust 

gases of diesel engines. The soot 

concentration decrease when add 

Nano fuel  for all compression ratio 

and various load . As the blending 

dose increases the UHC 

concentration increases at all 

compression ratios. 

 

 

2.6 Scope of Present Work 

The objectives of the present work to investigate the influence of 

Nano-particles addition to diesel fuel on soot release and UHC 

concentrations in diesel engines in addition to its effect on soot 

morphology. The work will be performed on a variable compression ratio, 

single cylinder, four strokes, water cooled diesel engine operated with pure 

and Nano-diesel fuels. Nano-particles of (Al2O3) will be used.  

Samples of the exhaust gases will be collected by a special sampling 

bottle to investigate the soot and UHCs concentration. A scanning electron 

microscope (SEM) will be used to investigate the soot morphology.  
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3 Chapter Three: Experimental Set Up and Procedure 

 

3.1 Introduction 

A variable compression ratio single cylinder diesel engine is used in 

the study. The engine is operated with pure Iraqi diesel fuel and with diesel 

fuel blended with different doses of AL2O3 Nano particles.  

3.2 The Diesel Engine 

Experiments were conducted to study the impact of adding 

nanoparticles on the diesel of a single cylinder, four-stroke direct-injection 

water-cooled diesel engine (553cm
3
) with variable compression and a rated 

power of 3.7 kW at 1500 rpm. Complete engine specification is shown in  

Appendix (A) [40]. The engine has a standard injector of fuel which has a 

3-hole 0.2 mm diameter nozzle, which is separated at 120°C and is angled 

at the cylinder axis at a 60° angle. Injector opening pressure 160 bar is 

recommended by the manufacturer. A centrifugal controller is connected to 

the engine to control the engine speed automatically. The combustion 

chamber is hemispherical in the form of a push rod-operated overhead 

valve system.  



 

 

 

 

Figure (3- 1) The Test  Engine: (1) Soot filter ,(2) flow meter, (3) Dynamometer, (4) 

Engine, (5) PC Control, (6) Fuel tan, (7) Valves filter, (8) Control system, (9) Exhaust 

gas pipe. 

 

3.3 The Diesel Fuel and the Blended Fuel Preparation  

Iraqi diesel fuel which is readily available at local fuel stations is used 

in this research. The molecular formula is C12.3H22.2 [40] , The physical 

properties of the diesel fuel are shown in Appendix (B). Nanoparticles of 

Al2O3 was used in the present work to prepare Nano-diesel fuel. The 

physical properties of this Nanoparticle are depicted in Table (3-2). The 

average size of the Nan-particles is 45 nm. Three blending ratios of Nano-

particles are used namely 25, 50, and 100 ppm.  
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Table (3- 1) Properties of Nano-particles [42]  

Particle Al2O3 

Density (kg/m
3
) 3970 

Specific heat (kJ/kg.K) 765 

Thermal conductivity  

(W/m.C) 
40 

Average size (nm) 45 

Shape Spherical 

Appearance White 

 

 

The mass of Nanoparticles required for each dose is calculated using 

the following equation [41]: 

  

  

  
  

  
 

  

  

                                                                                               (3.1) 

Where: 

(ϕ) Solid volume fraction of nanoparticles . 

mp: mass of nanoparticle 

ρp: density of nanoparticle 

mf: mass of fuel 

ρf: density of fuel 



 

 

 

In addition to five litters (5 liters) of pure diesel fuel, the determined 

volume of nanoparticles is constantly mixed by homogenizer blender over 

an hour period (RZR 2021 overhead stirrer, digital display, mechanical 

speed control, with 10.5 mm chuck, maximum torque 400 N.cm, maximum 

stirring capacity 25 L H20, maximum viscosity 60 Pa.s). The mixer is 

illustrated in figure (3-2). To guarantee that nanoparticles are distributed 

over the diesel fuel and to avoid the agglomeration of particulates. Figure 

(3-3) shows the ultrasonic kind of cleaner (JTS-1018) manufactured from 

the melting process (Guangdong, China). It will take another six hours to 

mix. The characteristics of the ultrasound cleaner are presented in Table (3-

3). 

 

 

Figure (3- 2) The Mixer 



 

 

 

 

Figure (3- 3) The Ultrasonic Cleaner 

 

 

Table (3- 2) The Ultrasonic Cleaner Bath Specifications. 

Model JTS-1018 

Water tank dimensions (mm) L1= 406 , W1=305, H1=460 

Overall dimension (mm) L1= 586 , W1=485, H1=680 

Ultrasonic frequency 40 kHz 

Ultrasonic power 720 Watt (variable) 

Digital timer control 1-30 min 

Capacity 54 liter 

Temperature control range (ºC) < 90 ºC 

Ultrasonic power output 800 W 

 



 

 

 

 

Figure (3- 4) Nano fuel photograph. 

 

 

The physical properties of Nano-diesel is shown in table (3- 4) . 

Table  (3.6) Calculated Results of Nano fuel 

Dose of Nano 

(ppm) 

density of Nano 

fuel (kg/m
3
) 

viscosity of Nano 

fuel (kg/m.s) 

Thermal 

conductivity 

(W/m.k) 

25 278.11 2.79 34 

50 859.93 2.81 38 

100 875.56 2.85 43 

  

 



 

 

 

3.4 The Soot Collection Filter  

A special soot collection glass filter is fabricated. It consists of two 

easy fitted glass pieces with two valves one at inlet and the other at exit. 

Any filler media can be used with the filter. In this research the medical 

cotton is used. The filter is shown in figure (3-5). 

 

Figure (3- 5) Soot Collection Filter 

 

3.5 The Scanning Electron Microscope (SEM) 

A Scanning electron microscope (SEM) type Inspect S50 /FEI, made 

in Netherland is used in this study to investigate the effect of Nano-

particles blending with diesel fuel on soot morphology. A sample slide is 

prepared from the soot collected in each experiment to be investigated 

under the SEM. Figure (3-6) show the Scanning electron microscope. This 

microscope is at the laboratories of college of since /University of Kufa. 



 

 

 

 

Figure (3- 6) Scanning Electron  Microscope (SEM). 

 

 

3.6 Other Experimental Accessories 

3.6.1 The Digital Balance 

A digital balance type Sartorius ENTRIS124-1S , readability 0.1 mg, 

is used to  measure the soot collected in the filter. The balance is shown in 

figure (3-7). 

 

Figure (3- 7) Digital Balance 

 

 



 

 

 

3.6.2 The Vacuum Drying Oven 

A vacuum oven, Model DZ-2BC made in Hebei, China, is used to dry 

the filter from all humidity and partially burned and unburned fuel formed 

during combustion process and enters through the collecting line . The 

oven temperature is kept in the range from 200°C to 250°C. This 

equipment has a strong and high-quality pressure chamber, seals, and 

pump. The Vacuum Degree <133Pa. The oven is shown in figure (3-8). 

 

Figure (3- 8) Vacuum Drying Oven 

 

3.6.3 The Desiccator 

A desiccator is a sealable enclosures containing desiccants used for 

preserving moisture-sensitive items. The lower compartment of the 

desiccator contains lumps of silica granules, to absorb water vapor. The 

substance needing desiccation is put in the upper compartment, usually 

perforated ceramic plate. The desiccator is used to keep the filters before 

and after soot collection to prevent contamination with moisture. The 

Desiccator used in this work is shown in figure (3-9). 

 

 



 

 

 

 

Figure (3- 9) Desiccator 

 

3.6.4 The Flow Meter 

A gas flow meter (or flow sensor) is used to measure the volumetric 

flow rate of the sampled exhaust gases. The gas flow meter is connected 

after the filter as shown in figure (3.10) and (3.11). 

 

Figure (3- 10) Exhaust Gas Flow Meter 

The flow meter is calibrated with a hot wire anemometer. The 

calibration result is shown in figure (3-12). Note that the Central 

Organization for Standardization and Quality Control could not perform the 

calibration due to lack of calibration device as shown in their letter no. 

9322 dated 31/10/2021 (Appendix B).   



 

 

 

 

Figure (3- 11) Schematic Diagram of Sampling Process 

 

 

Figure (3-12) Calibrate of Flow Meter and Hot Wire Anemometer 
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3.7 Soot Collection Filter Preparation  

1- Pack the glass filter with the filling media (cotton).  

2- Weighs the filter. 

3- The packed filter is put in the vacuum oven at a temperature of 110  

(different drying periods,10, 20, 30 and 40 min.). It was found that the 

weight of the filter remains constant at 30 min and longer. So this time 

was used as the drying period for all tests.  

4- Weigh the filter after drying. 

5- Keep the filter in the desiccator. 

6- The filter is ready now for soot collection. 

 

3.8 Test procedure 

As mentioned earlier all tests were performed at a constant speed of 

1500rpm. In all tests the sampling procedure is not started until the engine 

reaches thermal equilibrium (about 30 minute period). 

The engine is set at the operating conditions which are: load, 

compression ratio and type of fuel. Measurements of soot emissions are 

taken from a special tab in the exhaust pipe via the sampling line. 

 Before each test, the engine was run for 10 minute to reach thermal 

equilibrium  ( until the exhaust gas temperature remains constant ). 

When changing the fuel type the engine was run for 10 mins to 

consume all the quantity of previous fuel in the fuelling system before 

taking the new samples.  

The following sampling procedure is followed: 

1-When the engine reaches thermal equilibrium and steady state connect 

the prepared filter to the sampling line as shown in fig (3-10). 



 

 

 

2- Open both inlet and exist valves of the filter and leave the exhaust gases 

flows through the filter for 10 mints. 

3-Close both valves remove the filter from the sampling line. 

4-Weigh the filter after sampling. 

5-Keep the used filter in the desiccator again. 

6-Put the filter in a vacuum oven at a temperature 110  for 30 mins to 

drive all the humidity and the volatile unburned hydrocarbons (UHC) . 

7-Weigh the filter again.  

8-The difference between the weights of filter before sampling and its 

weight after sampling and drying equals the weight of collected soot. 

9-The difference between the weight of filter after sampling and the weight 

of filter after drying equals the weight of UHC and water vapor in the 

collected gases. 

10-Record the gas flow rate through the filter during the collection period. 

 

3.9 Relevant Calculations  

3.9.1 Soot Concentration Calculation  

As mentioned earlier the volume flow rate of the collected gases is 

measured during a specified period (sampling duration) and the weight of 

collected soot is also measured (as in step 8 in section 3.8) Therefore the 

soot concentration is calculated using the following equation; equation 

(3.2).    

                   
                             

                  (    )                       
                (3.2) 

 



 

 

 

3.9.2 UHC Concentration Calculation 

From the knowledge of volume flow rate of sampled gases, and 

sampling duration and the weight of (UHC) (as in step 9 in section 3.8), the 

UHC concentration is calculated from equation (3.3). 

                  
                            

                                               
                         (3.3) 

 

Table (3- 3) Experimental Program 
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4 Chapter Four: Results and Discussion  

4.1 Introduction  

In this chapter the results of this investigation are presented and 

discussed. For ease of discussion the results are divided into five parts 

which are: 

1. Effect of engine load on soot. 

2. Effect of compression ratio on soot. 

3. Effect of Nano-particles dose on soot. 

4. Morphology characteristics of soot particle. 

5. Effect of Nano-particles dose and the operating conditions on 

unburned hydrocarbon (UHC). 

Three different Nano-particle doses are used namely (25,50,100) ppm. Also 

the engine is operated with three compression ratio namely (13.5,15.5,17.5) 

and different loads (no load, half load and full load). 

4.2 Repeatability of Results 

The engine is operated with pure diesel at 1500 rpm and a 

compression ratio 15.5. This test is repeated five times at different date 

under same operating conditions  to confirm the repeatability of result. The 

result of these tests is shown in figure (4-1). The figure shows the variation 

of soot concentration (mg/m
3
) with load. The figure indicated an acceptable 

reproducibility of results with error percentage between the different tests 

of 4% , the error is calculated from equation (4.1): maximum minimum 

                 
                           

             
 -------   (4.1) 
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Figure (4- 1) Variation of the soot concentration  with load (repeatability test). 

4.3 Effect of Load on Soot Concentration   

The soot concentration variation with load for different Nano particle 

doses and different compression ratio is shown in fig (4.2-4.4). It is noticed 

that soot concentration increases as the load increases. This is due to more 

fuel is injected as the load increases and hence part of the fuel is partially 

burnt and converted to soot .The figures also show that the addition of 

Nano-particles to diesel fuel reduces the emitted soot concentration at all 

loads .This may be attributed to the high thermal conductivity of Nano-

particle which raises the temperature of the soot particle and hence 

improves its oxidation rate . It may be also attributed that the Nano particle 

acts as the oxygen donner which also improves the soot particle oxidation 

rate.  
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Figure (4- 2) Variation of soot concentration with load at CR 13.5 

 

Figure (4- 3) Variation of soot concentration with loads CR=15.5 
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Figure (4- 4) Variation of soot concentration with loads CR=17.5 

 

Figure (4- 5) Max soot concentration(mg/m
3
). 

Fig (4-5) shows the variation of maximum soot concentration of pure 

and blended diesel at full load for different compression ratios and different 
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Nano-particles doses . The presence of Nano-particle in the fuel droplets 

improve the evaporate rate which leads to better mixing process between 

air and fuel vapor. This improves combustion efficiency which yields less 

soot for all loads, Nano-particle doses and compression ratio . 

 In addition to that the presence of Nano-particles in the combustion 

chamber during combustion process acts as soot formation precursors that 

should grow to soot particles. However, due to the large surface area of the 

Nano particle and the high thermal conductivity, these precursors are fastly 

oxidized which leads to less emitted soot concentration and smaller soot 

particles in the exhaust. 

4.4 Effect of Compression Ratio on Soot Concentration  

Figures (4.6-4.9) show the variation of soot concentration with 

compression ratio for pure diesel and other blended fuels at different loads. 

It is noticed that for constant load and constant dose the soot 

concentration decreases with increases compression ratio. This may be 

attributed to the increase of combustion chamber temperature as the 

compression ratio increases. This increase in temperature raises the 

oxidation rate of both soot precursors and soot particles since the oxidation 

reaction is a strong function of temperature. 

Figure (4-6) shows that the soot concentration decrease from (900 

mg/m
3
) at compression ratio 13.5 to (766 mg/m

3
) at compression ratio 17.5 

for pure diesel while figure (4-9) shows that the soot concentration 

decrease from (366 mg/m
3
) at compression ratio 13.5 to (266 mg/m

3
) at 

compression ratio 17.5 for 100ppm dose.      
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Figure (4- 6) Variation of soot concentration with varies CR without nano 

 

 
Figure (4- 7) Variation of soot concentration With varies CR at 25ppm 
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Figure (4- 8) Variation of soot concentration with varies CR at 50 ppm.   

 

Figure (4- 9) Variation of soot concentration with varies CR at 100ppm 
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4.5 Effect of Nano-Particles Dose on Soot Concentration  

The effect of Nano particles dose on soot concentration is shown in fig 

(4.10 - 4.12) for different compression ratios at different loads. It is noticed 

that the addition of Nano-particles reduces the soot concentration. As the 

nanoparticles dose increases the soot concentration decreases compared to 

pure diesel. The result shows that the soot concentration of pure diesel at 

full load and 13.5 CR is (900 mg/m
3
) while the soot concentration at 

(25,50,100) ppm doses are (533 mg/m
3
 respectively. The reduction in soot 

concentration with the addition of AL2O3 Nano-particles may be due to 

many factor such as: 

1- High reactivity rate of Nano-particles which increases soot oxidation. 

2- High evaporation rate of fuel droplets due to high thermal 

conductivity of Nano particles which improves mixing process and 

hence combustion process.   

3- Better atomization process of fuel due to large surface area of Nano 

particles. 

4- Efficient combustion process which leads to higher in cylinder 

pressure and temperature. The higher in cylinder temperature the 

higher is the rate of soot oxidation as precursors and as soot particles. 

5- As the dose increases more oxygen is donated from the Nano 

particles which also improves soot oxidant rate. 
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Figure (4- 10) Variation of soot concentration  at different dose and CR 13.5 

 

Figure (4- 11) Variation of soot concentration at different dose and CR 15.5. 
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Figure (4- 12) Variation of soot concentration  at different dose and CR17.5 

4.6 Effect of Nano-Particles on Soot Morphology  

As mentioned in chapter three a scanning electron microscope is used 

to investigate the effect of Nano-particles blending with diesel fuel on the 

morphology of soot particles and aggregates. Different samples of soot at 

different loads, different compression ratios, and different doses are 

prepared and analyzed. Photographs of these analysis are shown in plate 

(4.1-4.2). 

It is noticed from the plates that for pure diesel the soot aggregates 

have a chain-like and grape-like structure. However  for blended diesel fuel 

the aggregates appear more  like chain-like or beads like structure .This 

may be due to fact that Nano fuel produces fewer PAHS during the 

different stage of combustion .This is in good agreement with the findings 

of (Fayad and Dhahad, 2021)[27]. The plates also show, however not so 
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clear , that the size of soot particles is smaller for blended diesel compared 

with pure diesel . 

 

Plate (4- 1) SEM photos at speed 1500 rpm and CR= 15.5(NanoAL2O3). 

soot aggregates 

Soot particle  
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Plate (4- 2) SEM photos at speed 1500 rpm and CR= 15.5  Without Nano. 

 

Soot particle  

Soot aggregates 
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4.7 Effect of Nano-Particles on Unburned Hydrocarbons(UHC) 

The concentration of the UHC is obtained from the difference in 

sample weight before and after drying. There may be some error in the 

results due to the presence of water vapor. Figs (4.13-4.15) shows the effect 

of Nano-particles dose on UHC concentration in the exhaust at different 

loads and different compression ratios.  

 

Figure (4- 13) Variation of UHC and Does at CR13.5 
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Figure (4- 14) Variation of UHC and Does at CR15.5. 

 

Figure (4- 15) Variation of UHC and Does at CR17.5 
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The figs indicated that with no load the UHC concentration decreases 

with increasing the dose for all compression ratios. This is due to small 

amount fuel injection with no load. However, at higher loads the 

concentration of UHC increases with dose due to high fuel evaporation rate 

caused by the presence of Nano-particles. Fig (4.16) present a comparison 

of UHC concentration for pure diesel and Nano-diesel with different blends 

at different compression ratios and different loads. The comparison shows 

that as the compression ratio and load increase the UHC concentration 

decrease since more fuel is injected and evaporated.   

 

Figure (4- 16) Max UHC(mg/m
3
) 
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5 Chapter Five: Conclusions and Future Work 

5.1 Conclusions  

The effects of adding three concentrations of AL2O3 Nano Particles 

(25,50 and 100) ppm on soot release and morphology and UHC 

concentration emitted from a diesel engine under different engine loads and 

varying compression ratio were experimentally investigated. According to 

the results of this study, the following conclusions can be revealed: 

1) The addition of AL2O3 Nano particles to diesel fuel reduces the soot 

concentration in the exhaust gases of diesel engines.  

2) The addition of AL2O3 Nano-particles to diesel fuel yields smaller 

soot particles. 

3) Increasing the compression ratio of the engine reduces the soot 

concentration in the exhaust gases for pure diesel fuel and blended 

fuels. The soot concentration at full load decreases  by 15% when the 

CR increases from 13.5 to 17.5. 

4) Increasing the dose of the AL2O3 Nano-particles reduces the soot 

concentration in the exhaust gases. The soot concentration is reduced 

by about 31% when the dose increases from 25 to 100 ppm at CR13.5 

and full load. 

5) As the blending dose increases the UHC concentration decreases at 

all compression ratios. The UHC concentration at compression ratio 

13.5, full load, decreases by 7% when the dose increases from 25 to 

100 ppm. 

6) As the compression ratio increases the UHC concentration decreases 

for all doses. UHC concentration at full load, 100ppm decreases by 

4.6% when the compression ratio increases from  13.5  to 17.5. 
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5.2 Suggestions for Future Work 

The following is a list suggestion for further work: 

1) Studying the effect of adding a mixture of two types or more of 

nanoparticles to diesel fuel. 

2) Studying the effect of adding different sizes of nanoparticles, such as 

range 30 or 40 nm. 

3) Studying the effect of adding high dose of Nano-particles to diesel fuel, 

such as (150,175,200) ppm. 

4) Studying the effect of Nano-particles on soot particles and 

agglomerates morphology using transmission electron microscope 

(TEM). 

5) Studying the effect of Nano-particles on the chemical composition of 

UHC in the exhaust.   
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7 Appendix (A): Engine Specifications[40]

Make and Model Kirloskar 

General details 
Single cylinder, four stroke, compression 

ignition, vertical, direct injection, water cooled 

Bore 80 mm 

Stroke 110 mm 

Rating speed 1500 rpm 

Swept volume 553 cm
3

Clearance volume 0.03687 m
3

Compression ratio 12.5-17.5 

rated power 3.7 kW 

Static injection timing -30 BTDC 

Injection pressure 160 bar 

Density of fuel 828 kg/m
3

Start of Injection 150 
0
CA

End of Injection 190 
0
CA

Injection Duration 40 
0
CA

Discharge Coefficient of Orifice 0.65 

Nozzle Diameter 0.02 mm 

Water Flow Transmitter 0 to 10 l pm 

Air Flow Transmitter 0-250 wc 

Weighing Balance for fuel 
0 – 2 kg 
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Piezo Sensor 
0 to 5000 psi with low noise cable 

Software 
Labview 

Combustion chamber Hemispherical open 

S          Starting Hand start with cranking handle 



APPENDIXES …………………………………………………...........................................................................................  (B) 

B1 

8 Appendix (B): Diesel Fuel Properties 

Calibrate of Flow Meter and Hot Wire Anemometer
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B2 

Appendix (B): Diesel Fuel Properties 

Physical Properties of Diesel Fuel laboratory test 
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10 Appendix (D1): SEM photos  

at speed 1500 rpm and CR= 15.5 pure diesel 
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Appendix (D2) 



APPENDIXES …………………………………………………...........................................................................................  (D) 

D.3 

Appendix (D3) 
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Appendix (D4) 

SEM photos at speed 1500 rpm and CR= 15.5 Nano-diesel
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 ص :ستخهانً

 

انُبٌَٕت إنى ٔلٕد  Al2O3 حٓذف ْزِ انذساست إنى انخحمٍك انخجشٌبً فً حأرٍش إضبفت جضٌئبث     

انذٌضل انُمً ػهى حشكٍضاث انسخبو ٔانٍٓذسٔكشبٌٕ غٍش انًحخشق انًُبؼزت يٍ يحشكبث انذٌضل ػُذ 

 (Al2O3) الأحًبل َٔسب انضغظ انًخخهفت. ٌخى ححضٍش ٔلٕد انُبَٕ ػٍ طشٌك خهظ أكسٍذ الأنٕيٍُٕو

َبَٕيخش( ، يغ ٔلٕد انذٌضل ببسخخذاو انخلاط ٔانًُظف ببنًٕجبث فٕق  50لطش انجسًٍبث >)

انصٕحٍت. أجشي انخحمٍك ػهى يحشن دٌضل رٔ َسبت اَضغبط يخغٍشة ، أحبدي الأسطٕاَت ، سببػً 

دٔسة فً  1500كٍهٕ ٔاط ػُذ  3.7(. ٌٕنذ انًحشن 3سى  553شٕاط ، رٔ حمٍ يببشش ، إصاحت )الأ

جضء فً انًهٌٍٕNano-AL2O3 (25  ٔ50  ٔ100  ) انذلٍمت. حسخخذو رلاد جشػبث يٍ جسًٍبث

فً ححضٍش انذٌضل انُبَٕي. ٔجذ بشكم ػبو أٌ إضبفت جضٌئبث انُبَٕ إنى ٔلٕد انذٌضل ٌمهم يٍ حشكٍض 

 (AL2O3 + بو انًُبؼذ. أظٓشث انُخبئج أَّ ببنُسبت نجًٍغ إَٔاع انٕلٕد )انذٌضل انُمً ، انذٌضلانسخ

، ٌكٌٕ حشكٍض  13.5ٌضداد حشكٍض انسخبو يغ انحًم. ببنُسبت نهذٌضل انُمً بذٌٔ حًم َٔسبت ضغظ 

يجى  000ٔنكٍ ػُذ انخحًٍم انكبيم ٌكٌٕ حشكٍض انسخبو ) CR ( ححج َفس3يجى / و  364انسخبو )

كشٌٔ ، ٔلا ٌٕجذ حًم ، ٌكٌٕ حشكٍض انخغطٍت انصحٍت  13.5(. أٌضًب ببنُسبت نهذٌضل انُمً ٔ 3/ و 

 .(3يجى / و  3126( بًٍُب ػُذ انخحًٍم انكبيم ٌكٌٕ انخشكٍض )3يجى / و  2743انشبيهت )

 حضٌذ يٍ حشكٍضحظٓش انُخبئج أٌضًب أٌ إضبفت جضٌئبث انُبَٕ إنى ٔلٕد انذٌضل حمهم يٍ حشكٍض انسخبو ٔ

UHC  13.5جضء فً انًهٌٍٕ ٔحًم كبيم ٔ  100نجًٍغ انجشػبث. ػهى سبٍم انًزبل ، ػُذ جشػت 

( نهذٌضل انُمً ححج 3يجى / و  000( يمبسَت بـ )3يجى / و  366دسجت يئٌٕت ، ٌكٌٕ حشكٍض انسخبو )

 ٍم انكبيم ٔيٍ( نهذٌضل انُمً ػُذ انخح3ًيجى / و  3126يٍ ) UHC َفس انظشٔف. ٌضداد حشكٍض

CR13.5 ( نهُبَٕ دٌضل بجشػت 3يجى / و  3663.75إنى )جضء فً انًهٌٍٕ ححج َفس  100

 .انظشٔف

 UHC حكشف انُخبئج أٌضًب أٌ إضبفت جضٌئبث انُبَٕ إنى ٔلٕد انذٌضل ٌمهم كلاً يٍ انسخبو ٔحشكٍضاث

جضء فً انًهٌٍٕ ٔانحًم  CR 13.5  ،100 بل ، يغ جشػتفً جًٍغ َسب انضغظ. ػهى سبٍم انًز

جضء فً  CR 17.5  ،100 ( ، ٔنكٍ ػُذ جشػت3يجى / و  366انكبيم ، ٌكٌٕ حشكٍض انسخبو )

(. فً ظم َفس انظشٔف ، اَخفض 3يجى / و  266انًهٌٍٕ ٔانحًم انكبيم ، ٌكٌٕ حشكٍض انسخبو )

( 3يجى / و  3354إنى ) CR 13.5 ( نـ3يجى / و  3663يٍ ) انٍٓذسٔكشبَٕبث انغٍش يحخشلتحشكٍض 

CR17.5 نـ
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