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ABSTRACT
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This work was conducted experimentally and theoretically in the Department of Power
Mechanics Technology, Al-Furat Al-Awsat Technical University/Al-Musayyab
Technical Institute, 65 km from Baghdad, using a four-stroke, four-cylinder diesel
engine. There are three fuel inputs: In the first stage, pure diesel fuel was used. The
biofuel extracted from Water Hyacinth was blended with pure diesel in the second
stage. Third-stage nanomaterial (Al203) and three mixture ratios of 50, 100, and 150
ppm were blended. The following indicators were studied under the influence of
conventional fuel: Thermal efficiency of braking, specific fuel consumption, exhaust
temperature, carbon monoxide, carbon dioxide, unburned hydrocarbons, and nitrogen

oxides. While the highest value of braking thermal
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efficiency was recorded at half and full loads for the fuel type (D80B20N150)
compared to pure diesel fuel (D100) as it reached 39%, 45%, 47%, and 48%, with
increases of 6%, 7%, and 9%, respectively, compared to the conventional fuel. In
comparison, the lowest braking thermal efficiency was recorded in the fuel type
(D80B20) at a full load level, reaching 34%, which is an increase of 9% compared to
conventional fuel. The fuel type also recorded a decrease in the consumption of fuel
mixed with nanoparticles and biodiesel (BSFC) at the half and full loads, and the
percentages were 52%, 55%, and 58%, respectively, compared to pure fuel (D100).
The best decrease was when adding nanoparticles with biodiesel (D80B20N150) ppm.
At the same time, fuel consumption (D80B20) decreased by 3% compared to pure
diesel fuel. Also, carbon monoxide (CO) emissions decreased by adding biodiesel
from (D80B20) to biodiesel compared to pure diesel fuel D100 at half and full loads
at an engine speed of 1800 rpm. CO emissions decreased by 4%, where the best blend
was (DS8OB20N15 0) compared to pure diesel fuel. CO2 emissions rose at half load at
1150 rpm when biodiesel was added to pure fuel, while compared to pure diesel fuel,
they fell at full load and engine speed of 1800 rpm. The optimal blend was
D80B20N150 relative to pure diesel fuel D100, with a reduction of 8%. The
combustion of diesel fuel with biodiesel and different blends was simulated for all fuel
blends. Here, the mass fraction was 11.7%, and it seems that with increasing engine
speed, fraction mass was observed at (D80B20N150) higher than diesel fuel with
biodiesel (D80B20). The work includes numerical analysis by using the ANSYS
Fluent software. The anticipated outcomes were strongly concorded with the empirical
findings. Nitrogen oxide (NOx) emissions increased by increasing the proportion of
biodiesel (D80B20) with biodiesel compared to pure diesel fuel D100 at half and full
loads. The percentage of the increase was 10% compared to pure diesel fuel. When
adding nanoparticles (AL203) to diesel fuel blends with biodiesel, a decrease in NOx
emissions was observed in all blends, but the best case was at D80B20N150. With the
increase of the nanoparticles at D8OB20N150, the mass fraction decreased regularly
less than pure diesel and biodiesel by 1.3%. It appears that with increasing speed, a
decrease in mass fraction was observed for D80B20N150 compared with diesel blends
biodiesel D80B20, and this decrease is considered a good factor. The unburned
hydrocarbon (HC) emissions are also at half load for all tested mixtures. It was

observed that the emissions of most tested fuels decreased DSOB20N150 by 1.5%



compared with pure diesel fuel by incorporating nanoparticles of aluminum oxide. The
calorific value of biodiesel blends increases, viscosity diminishes, and full combustion

occurs, resulting in reduced hydrocarbon emissions.
Key Word : CFD modeling, Eichhornia crassipes biodiesel, Alternative fuel, Diesel

engine.

Science Code : 91440
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OZET

Doktora Tezi

IRAK'TA BIiR GUNES HiBRIT GAZ TURBINI ENERJi SANTRALI ICIN
ENERJi YONETIMI VE 4E ANALIZi

Ameer Hasan Hamzah AL-MAMOORI

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Makine Miihendisligi Anabilim Dal

Tez Danismanlari:
Dr. Ogr. Uyesi Abdulrazzak Ahmed Saleh AKROOT
Doc. Dr. Hasanain Adnan ABDUL WAHHAB
Nisan 2025, 156 sayfa

Bu caligma deneysel ve teorik olarak Bagdat'a 65 km uzakliktaki El-Furat EI-Awsat
Teknik Universitesi/El-Miiseyyeb Teknik Enstitiisii, Gii¢ Mekanigi Teknolojisi
Béliimii'nde dort zamanli, dért silindirli bir dizel motor kullamlarak yiiriitiilmiistiir. Ug
yakit girisi vardir: Ilk asamada saf dizel yakiti kullanilmustir. Ikinci asamada Su
Siimbiiliinden elde edilen biyoyakit saf dizel ile harmanlanmistir. Ugiincii asamada
nanomalzeme (Al,0O3) ve 50, 100 ve 150 ppm'lik ii¢ karisim oranit harmanlanmuistir.
Asagidaki gostergeler geleneksel yakitin etkisi altinda incelenmistir: Frenlemenin
termal verimliligi, 6zgiil yakit tiiketimi, egzoz sicakligi, karbon monoksit, karbon
dioksit, yanmamis hidrokarbonlar ve azot oksitler. En yliksek fren termal verimi
degeri, saf dizel yakit1 (D100) ile karsilastirildiginda, yarim ve tam yiiklerde yakit tiirii
(D80B20N150) icin sirastyla %6, %7 ve %9 artigla %39, %45, %47 ve %48'e ulasarak

kaydedilirken, konvansiyonel yakita gore en diisiik fren termal verimi, tam
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yiik seviyesinde %34'e ulasarak, konvansiyonel yakita gore %9 artigla kaydedildi.
Yakit tlirli ayrica, nanopartikiiller ve biyodizel (BSFC) ile kanstirilmis yakit
tilketiminde yarim ve tam yiiklerde bir diislis kaydetti ve yiizdeler, saf yakita (D100)
kiyasla sirastyla %52, %55 ve %58 olarak gerceklesti. En iyi diislis, biyodizel
(D80B20N150) ppm ile nanopartikiillerin eklenmesiyle gerceklesti. Ayn1 zamanda
yakit tiiketimi (D80B20) saf dizel yakita gore %3 oraninda diigmiistiir. Ayrica,
(D80B20)'den biyodizelin biyodizel ile birlikte eklenmesiyle, 1800 devir/dakika motor
devrinde, yarim ve tam yiiklerde saf dizel yakit1 D100'e kiyasla karbon monoksit (CO)
emisyonlar1 azalmigtir. CO emisyonlar1 %4 oraninda azalmis olup, en iyi karigim saf
dizel yakita gére (D8OB20N15 0) olmustur. CO2 emisyonlari, biyodizelin saf yakitla
birlikte eklenmesiyle yarim yiikte ve 1150 devir/dakika devrinde artarken, 1800
devir/dakika ve tam ylikte saf dizel yakita gore azalmistir ve en iyi karigim
D8S8OB20N150 olup, yilizdesi %8 olmustur. Dizel yakitin biyodizel ve farkhi
karigimlarla yanmasi tiim yakit karigimlart i¢in simiile edilmistir. Burada kiitle kesri
%11,7 idi ve artan motor devriyle birlikte, kesir kiitlesinde (D80B20N150)'de
biyodizelli dizel yakitindan (D80B20) daha yiiksek bir artis gozlemlendigi
goriilmektedir. Calisma, ANSYS Fluent yazilimini kullanarak sayisal analizi
icermektedir. Beklenen sonuglar deneysel sonuglarla iyi bir uyum i¢indeydi. Azot oksit
(NOx) emisyonlari, biyodizelli biyodizel (D80B20) oraninin artmasiyla, saf dizel
yakit1 D100'e kiyasla yar1 ve tam yiiklerde artmistir. Saf dizel yakitina kiyasla artig
ylizdesi %10'dur. Biyodizelli dizel yakit karigimlarina nanopartikiiller (AL203)
eklendiginde, tim karisimlarda NOx emisyonlarinda bir azalma gozlemlenmistir,
ancak en iyi durum DS80B20N150'de olmustur. D8OB20N150'deki nanopartikiillerin
artmasiyla, kiitle kesri de saf dizel ve biyodizelden diizenli olarak daha az %1,3
oraninda azalmistir. Goriinlise gore artan hizla birlikte, dizel karisimli biyodizel
D80B20 ile karsilastirildiginda D80B20N150 i¢in kiitle oraninda bir azalma
gozlemlendi ve bu azalma iyi bir faktor olarak kabul edildi. Ayrica, tiim test edilen
karigimlar ig¢in yiik ile yanmamis hidrokarbon (HC) emisyonlari yarim yiiktedir.
Aliiminyum oksit nanopartikiilleri dahil edilerek test edilen yakitlarin ¢ogunun
emisyonlarinin saf dizel yakitina kiyasla D80B20N150'yi %]1,5 oraninda azalttig
gbzlemlendi. Biyodizel karigimlarinda, kalorifik deger iyilesir, viskozite azalir ve

yakit tamamen yanar, bu da hidrokarbon emisyonlarini azaltir
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PART 1

INTRODUCTION

1.1. STUDY BACKGROUND

In recent years, researchers have increasingly explored alternative fuels to replace oil
and its derivatives, driven by growing awareness of energy and environmental
concerns [1]. Biofuels, defined formally, are hydrocarbons derived from living
organisms. Practically speaking, biofuels refer to any hydrocarbon fuels produced
relatively quickly (within days, weeks, or months) from organic material, whether
currently living or previously alive. This differentiates biofuels from fossil fuels—such
as coal, oil, and gas—which have formed over millions of years, as well as from non-

hydrocarbon fuels like nuclear fission [2,3]

Humans have utilized solid biofuels since the discovery of fire, with ancient
populations relying on wood, the earliest biofuel for heating and cooking. The
development of electricity introduced new applications for biofuels, expanding their
utility beyond traditional uses [4]. Indeed, biofuels were used for electricity generation
before fossil fuels became prevalent. However, fossil fuel emergence and widespread
adoption have significantly affected biofuel production and consumption patterns. The
advantages of fossil fuels have led to their predominant usage, particularly in
developed nations. Nonetheless, since their introduction, liquid biofuels have played a

notable role in the automotive industry [5].

1.1.1. Combating Climate Change

The world urgently needs to identify and adopt new, low-carbon fuel and energy

sources to combat climate change effectively. Since transportation significantly

contributes to global carbon emissions, replacing fossil fuels with renewable



alternatives like biofuels is a particularly effective approach to reducing greenhouse
gases[6]. When alternative solutions, such as transitioning to electric vehicles, are
impractical due to high costs or insufficient charging infrastructure, biofuels offer a

practical means of lowering emissions associated with vehicle traffic [7].

1.1.2. Responding to Higher Energy Consumption

Energy demand is expected to skyrocket due to a combination of factors, including a
projected increase in the global population to 8 or 10.5 billion by 2050 and robust
economic development in developing nations [8,9]. More efficient use of natural
resources and increased usage of renewable energy sources like biofuels are necessary

to fulfill this growing demand [10].

1.1.3. The Availability of Energy

As energy demand develops, ensuring supply security will be difficult due to global
resource dispersion. According to the International Energy Agency, worldwide crude
oil output in existing fields fell after 2009 [11-13]. It is projected to fall to 25% of its
current capacity by 2035, significantly reducing global reliance on fossil fuels.
Consequently, high fossil fuel prices pose challenges, compelling automobile
manufacturers to seek alternative energy sources, as illustrated in Figure 1.1. Research
efforts have notably advanced the development and utilization of biofuels for energy
production. Biomass, in particular, stands out as one of the most widely distributed

renewable resources globally.
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Figure 1.1. Forecast of global oil production from 1990 to 2035 (mb/d: million barrels
per day) [2,3].

1.1.4. Taking Advantage of Limited and Scarce Resources

One effective approach to meeting global energy demands involves utilizing waste and
residues as feedstock for biofuel production. Minimizing waste and maximizing the
efficient use of our precious natural resources are essential strategies for ensuring

sustainability and long-term survival [14—16]

1.2. BENEFITS OF USING BIOFUEL

Biofuels were in high demand during World War II, as they were frequently used to
replace imported fuels [17]. This period marked a significant surge in biofuel usage.
Notably, several innovations emerged during this time, including developing gasoline
alternatives such as alcohol derived from potatoes. Many important scientific
advancements were made during the war; however, in peacetime, interest in biofuels
declined due to the availability of cheap oil, which was influenced by geopolitical and
geoeconomic factors. As ethanol supplies from the Middle East and Gulf nations
decreased, interest in biofuels waned. In response, the Organization of Petroleum
Exporting Countries (OPEC) significantly reduced oil exports, especially to non-
OPEC countries [18].

The resulting fuel shortages drew the attention of scientists and policymakers to the

broader energy crisis and the urgent need to explore alternative fuels. This shift in

3



focus is illustrated in Figure 1.2, which presents the International Energy Agency’s
forecast for global energy consumption, particularly in the transportation sector, by
2050, including the projected role of biofuels [19]. Public interest in biofuels emerged
in the twentieth century, driven largely by rising oil prices and a growing emphasis on
rural development. These factors were instrumental in reviving global interest in

biofuels as a viable energy alternative.
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Figure 1.2. The transportation sector's global energy consumption in 2050 [19].

1.2.1. Impact on the Environment

Biofuels represent a challenging category because, despite being renewable, they share
many chemical characteristics with traditional hydrocarbons and can contribute to
similar emission issues [20]. However, if their production and distribution are
managed sustainably, biofuels have the potential to be significantly more
environmentally friendly. Examining the different subcategories of biofuels is
essential, as their environmental impact goes beyond just emissions and includes

factors such as land use, water consumption, and resource management.



1.2.2. Surface Contamination and Spills

Although biofuels are not completely risk-free, they are considerably safer than fossil
fuels. In large quantities, biofuel spills in a confined area can threaten nearby
organisms and contaminate surrounding soil or water. However, the environmental
impact is generally much less severe than fossil fuels. One key advantage of biofuels

is their biodegradability, owing to their organic origin [21].

Naturally occurring soil and water microorganisms, such as bacteria, can metabolize
biofuels as an energy source, breaking them down into harmless byproducts. This
suggests that, although concentrated biofuel spills have the potential to kill tiny
organisms and plants, they will not remain in the ecosystem for long enough to damage

it or make a place uninhabitable.

1.2.3. Atmospheric Contamination and Sulfur

Sulfur, a major contributor to acid rain, may be completely removed via biofuel
production. However, the high nitrogen concentration of biofuels may lead to the
creation of compounds that pollute the air and produce acid rain. Biofuels can
potentially reduce acid rain since their total impact on acid rain production is generally
negative. Biofuels offer an advantage over fossil fuels since they may be properly

prepared to ensure as little pollution as possible [22].

1.2.4. Global Warming and Greenhouse Gas (GHG) Emissions

Biofuels have the potential to drastically reduce greenhouse gas emissions if generated
in the "right" way. Erroneous manufacturing may increase emissions [23]. The most
effective way to reduce greenhouse gas emissions is to utilize biofuels. They may also
be considered as a method of creating energy security by substituting fossil fuels,

which are limited in quantity. Biofuels are becoming more popular [24,25].

Biogas, a type of biofuel, is produced and utilized globally, with Asia, Europe, and the

Americas leading in both production and consumption. Photosynthetic plants are the



most commonly used feedstock for biofuel production, as ethanol can theoretically be
derived from any carbon-based source. In fact, biogas can be generated from nearly
any plant-derived material, making it a highly versatile and sustainable energy option

[26].

1.2.5. Independence Energy

The advantages of biofuels are clear and come with minimal immediate drawbacks. A
country with sufficient land to cultivate biofuel feedstock can produce its own energy,
reducing or even eliminating dependence on fossil fuels, which are concentrated in
specific regions of the world. In light of fluctuating fuel prices and supply
uncertainties, achieving energy independence through biofuels is a highly favorable
prospect. The primary distinction between fossil fuels and biofuels lies in their
renewability: fossil fuels are finite and will eventually be depleted, whereas biofuels

can be replenished.

Historically, it was believed that if hydrocarbons could be produced quickly and by
alternative means, global energy needs could be more easily met. Since fossil fuels
require millions of years to form and humans cannot wait such durations, they are not
considered renewable energy sources. In contrast, biofuels are derived from biomass
that can be cultivated year-round through sustainable agricultural practices. This
demonstrates the renewable nature of biomass and biofuels, which can be regenerated
relatively quickly. However, while biofuels are renewable, they are not inherently
environmentally friendly, as their combustion still results in greenhouse gas emissions

[27,28].

1.3. BIODIESEL AS A SOURCE OF RENEWABLE ENERGY

The consumption of petroleum products continues to rise daily, paralleling the number
of road vehicles. This growing reliance on hydrocarbon fuels contributes significantly
to environmental pollution [29]. Therefore, addressing the dual challenges of fuel

supply and environmental degradation has become increasingly urgent. Non-



renewable fuels release higher hydrocarbons, sulfur, nitrogen oxides, and carbon

monoxide levels than renewable biofuels [30].

The challenges of fuel supply and environmental pollution must be addressed. Non-
renewable fuels emit more hydrocarbons, sulfur, nitrogen oxides, and carbon
monoxide than renewable biofuels. Various alternative fuels are being researched as
prospective substitutes for petroleum products, and a feasibility and demonstration
study has been completed. Renewable fuels are gaining popularity because they
minimize environmental pollution (by finishing the carbon cycle) and the need for oil
imports [31]. Alternative fuels, such as biodiesel, are gaining popularity as a viable
alternative to diesel oil for internal combustion engines to fulfill the world's ever-
increasing energy demands. Biodiesel is made from fats that can be used repeatedly,
like vegetable and animal fats [32]. It is a biodegradable, safe mixture of long-chain
fatty acids without sulfur or aromatics. It may also be derived from animal fats,

discarded vegetable oils, or regenerated vegetable oils.

By 2026, 40.5 billion liters of biodiesel will be produced globally, a 12% increase from
2016. Policy will continue to impact production patterns more than market forces. The
European Union is expected to continue to generate the bulk of biodiesel. By 2026,
output is predicted to be 13 billion liters, down from 13.3 billion in 2016 and 14.3
billion in 2020, when the RED goal is scheduled to be met [33].

Vegetable oil remains the primary feedstock for biodiesel production. However, both
the United States and the European Union are projected to see an increase in alternative
feedstocks, such as waste tallow and used cooking oil. In the United States, biodiesel

production is expected to remain stable at approximately 7.4 billion liters[34-36]

Argentine biodiesel is expected to help offset the shortfall in meeting the U.S.
advanced biofuel mandate, particularly during the early years of the forecast period.
Driven by increasing domestic and international demand, Argentina’s biodiesel
production is projected to grow from 3.1 billion liters in 2016 to 3.7 billion liters by
2019. However, by 2026, as the need for imports diminishes, production is anticipated

to decline to approximately 2.9 billion liters.



Other key contributors to global biodiesel production include Brazil, Indonesia, and
Thailand. In its effort to meet its 8% domestic blending mandate and maintain its
position as the world’s third-largest biodiesel producer, Brazil is expected to account
for 36% of the global increase in biodiesel output. Following a decline due to policy
changes in 2015, Indonesian biodiesel production rebounded in 2016, primarily due to
growing domestic demand. While exports are projected to increase slightly over the
forecast period, they are no longer expected to be the main driver of Indonesia’s
biodiesel industry. By 2026, Indonesia is projected to produce 4.4 billion liters of
biodiesel. A key factor influencing this growth is the sustainability of the export levy

on crude palm oil (CPO), which finances subsidies for biodiesel producers.

Meanwhile, the Philippines and Malaysia are expected to increase their biodiesel
production. The Philippines mainly produces for domestic consumption, whereas
Malaysia exports approximately 40% of its output. As a result, global biodiesel prices
are expected to rise by 11% in nominal terms. However, realistically, prices may
decline slightly toward the end of the forecast period as demand in the U.S. and EU
tapers. The projected biodiesel production volumes and price trends are illustrated in

Figure 3 [37].
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Figure 1.4. GHG emissions by transportation fuel[38].

Global biofuel production for transportation was projected to reach 144 billion liters
in 2020, equivalent to approximately 2,480 thousand barrels per day. This marked an
11.6% decline from the record-high production in 2019 and represented the first annual
decrease in two decades. Despite a slight upward revision from the International
Energy Agency’s (IEA) May 2020 update, this figure remains significantly below the
3% growth initially forecasted before the COVID-19 pandemic. The most substantial
declines in production were observed in ethanol output from the United States and
Brazil. Nevertheless, researchers consistently agree on the effectiveness of all ethanol
types in reducing carbon dioxide emissions. Notably, cellulosic ethanol reduces CO-

emissions by as much as 86% compared to ethanol derived from corn or sugarcane.

To help limit global warming to below 2.4°C by 2050, a CO: reduction target was
established by the G8 leaders at the Heiligendamm Summit in 2007, as illustrated in
Figure 1.4. In countries with mandates requiring the blending of biofuels with fossil
fuels, Brazil experienced a 17% decrease in the volume of unblended ethanol
purchased in the first half of 2020. Similarly, such countries' biofuel blending rates
dropped by 17%. Meanwhile, the ASEAN region is expected to see increased growth
in biofuel production, spurred by government investments to maintain competitiveness

with fossil fuels like gasoline and diesel.



At the same time, the sharp drop in crude oil prices in 2020 led to a corresponding
decline in biofuel prices. Although this did not entirely halt biofuel usage, it did raise
economic concerns for some biofuel production facilities. In response to the need for
cost-effective and sustainable alternatives, significant efforts have been made to
extract ethanol from abundant plant sources such as water hyacinth, which thrives in
riverine regions across the globe [39]. For instance, scientists in India have developed
biological conversion techniques using enzymes and diluted sulfuric acid under high
pressure and temperature to produce bioethanol from plant material. These innovations
have inspired further research into modern biofuel production technologies that enable

blending with diesel [40].
Looking ahead, it is anticipated that the first generation of fuels dominated by fossil

sources will gradually be replaced by second-generation biofuels, including biodiesel,

vegetable oils, and ethanol, by the year 2050, as depicted in Figure 1.4 [41].
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Figure 1.5. Projected transition from first- to second-generation biofuels, 2005-2050
[42](Mtoe: million tons equivalent to oil).
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1.4. PROPERTIES OF DIESEL FUEL

1.4.1. Cetane Number

Diesel fuel is characterized by its cetane number, which indicates its ignition quality.
Diesel undergoes self-ignition when the necessary conditions—such as proper
injection, pressure, and heat, are present in the combustion chamber and within the
cylinder. Several design factors influence engine performance, including temperature,
which is affected by the compression ratio and fuel injection rate. Additionally, the
fuel’s chemical composition and its volatility play important roles. A higher cetane
number generally leads to shorter ignition delays, resulting in more efficient

combustion and smoother engine operation.

1.4.2. Viscosity

Viscosity is one of the most critical properties influencing diesel fuel performance. It
decreases with rising temperature and increases as temperature drops. Viscosity
directly affects fuel flow and is typically measured before use. The ability of the fuel
to flow smoothly into the injection system is essential, as diesel also serves a
lubricating function within engine components. Viscosity impacts the spray pattern of
the fuel as it exits the injector and enters the combustion chamber. When the fuel is
less viscous, it may lead to reduced lubrication and less efficient combustion, resulting

in lower fuel economy and mileage [43].

1.4.3. Calorific Value

Key thermal properties of fuel include its calorific value (thermal value), which
represents the energy the fuel can deliver to the engine, and the engine’s efficiency in

converting this energy into useful mechanical work. The specific fuel consumption is

often used to infer the thermal value and efficiency of the fuel.
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1.4.4. Gravity

Using a hydrometer, the specific gravity of fuel, defined as the ratio of the fuel’s
density to that of water at 15°C, can be determined. Specific gravity plays an important
role in the combustion process, influencing how fuel is atomized and injected into the
combustion chamber. Its value ranges from 0.80 to 0.94. The specific gravity of a fuel
is a factor in determining its thermal value, as its density will increase as it burns. The
calorific value is because the density increases the carbon in diesel fuel, as the density
of paraffins and naphthalene increases. The fuel's density is the ratio of the fuel's
volume at a temperature of 15°C to density units of kg/m* This information can
provide an idea of the economy regarding fuel consumption, erosion, exhaust smoke,

and energy.

1.4.5. Flashpoint

The flashpoint is the temperature at which a fuel evaporates adequately to ignite upon
exposure to a heat source. It also sets a special flashpoint for each fuel to avoid fires.
The fuel is needed for transportation and storage. Diesel fuel has a very low

temperature due to its danger when transported or stored [43].

1.5. ENHANCING DIESEL FUEL BY ADDITIVES

The primary goal of many studies is to increase efficiency and reduce emissions from
diesel engines. One of these methods is introducing nanoparticles as additives to diesel,
which increases efficiency and reduces emissions. Incorporating nanoparticles into
diesel results in a marked enhancement of combustion quality, augmenting engine
performance [44]. Researchers have investigated the impact of diverse oxygenated
compounds on biofuels to enhance the combustion and emission properties of internal

combustion engines.

Incorporating metal oxide nanoparticles into the fuel mixture has augmented engine
performance and combustion attributes by enhancing thermal efficiency and heat

release rate. The most important advantages of metal oxides are that additional
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nanoparticles can provide oxygen atoms to the fuel mixture and increase the surface
size; they effectively act as a highly reactive medium during combustion [45]. In
addition, the nanoparticles raise thermal conductivity, flash point temperature, and

kinematic viscosity.

1.6. NANOMATERIAL

To begin with, the term “nano” originates from the Greek word meaning “dwarf,” and
in scientific terms, it refers to one-billionth (1/1,000,000,000) of a unit. The
nanometer, abbreviated as nm, is a unit of measurement equal to one billionth of a
meter. To put it into perspective, one nanometer is approximately the length of a row

of 13 hydrogen atoms placed side by side, as illustrated in Figure 1.6.

Nanomaterials are distinct from conventional materials because they possess unique
physical, chemical, and mechanical properties, making them highly efficient and
effective across various scientific applications [46]. Due to these enhanced properties,
nanotechnology has become integral to different scientific disciplines, including
physics, chemistry, life sciences, and applied sciences such as engineering, medicine,

agriculture, environmental science, and even military technology [32].

Diesel engines, known for their high efficiency, are widely used today; however, one
of their primary drawbacks is the pollution resulting from fuel combustion [46].
Nanomaterials such as aluminum oxide (AL>O3) and titanium dioxide (TiO2) have
been introduced as fuel additives to address this issue. These nanoparticles enhance
combustion by increasing the surface area of the fuel, promoting better mixing with
air, and raising the thermal energy of combustion due to their oxygen-rich composition

[47].
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Figure 1.6. Visualizing the nanometer: hydrogen atoms in perspective

1.6.1. The Definition of Aluminum Oxide

Aluminum oxide, commonly known as alumina, is a chemical compound composed
of aluminum and oxygen, with the formula AL>O3. Depending on its structure or
intended application, it may also be referred to as alkoxide or alundum. One of the
most stable crystalline forms of alumina is alpha-AL>O3, a polymorph of aluminum

oxide [48].

Alumina nanofibers have attracted significant research interest due to their wide range
of potential applications [49]. These include heat pipes, fuel cells, solar water heating
systems, chillers, refrigerators, diesel combustion, drilling operations, lubrication
processes, and thermal energy storage systems. Their versatility and superior thermal
and chemical properties make them particularly valuable in advanced energy and

engineering applications.

1.6.2. Properties

Aluminum oxide (AL203) has various physical and chemical properties, making it
highly valuable in industrial and scientific applications. Its unique characteristics
distinguish it from other ceramic materials and contribute to its widespread use in
electronics, thermal management, and materials engineering. The following are some

of the most notable properties of aluminum oxide [50]:

¢ Aluminum oxide is an electrical insulator.
e Compared to other ceramic materials, it has relatively high thermal
conductivity, approximately 30 W-m™"-K™'.

e  Aluminum oxide is insoluble in water.
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e Corundum, also known as alpha-aluminum oxide, is the most common

crystalline form of aluminum oxide.

1.6.3. Applications

Due to its high melting point, aluminum oxide is widely used and classified as a
refractory material. As of 2015, global production of aluminum oxide reached
approximately 115 million tons annually, with over 90% utilized in the aluminum
industry. Specialty aluminum oxides are primarily employed in refractory
applications, ceramics, polishing, and abrasives. Additionally, large quantities of
aluminum hydroxide, derived from alumina, are used to manufacture zeolites, titanium

dioxide pigment coatings, and fire and smoke retardants.

Aluminum oxide also plays a key role in various energy and thermal applications,
including heat pipes, fuel cells, solar water heating systems, chillers, domestic
refrigerators, diesel combustion, drilling, lubrication, and thermal energy storage [51—

53].

1.6.4. Advantages of Nanofluids

Nanoparticles offer numerous advantages when used in heat transfer and fluid systems,
particularly due to their unique physical and chemical characteristics. These benefits
are especially relevant in thermal management applications, where improved

efficiency and stability are essential. Key advantages include [54]:

e Their high specific surface area provides greater surface contact between
particles and fluids, enhancing heat transfer efficiency.

e Their properties, including thermal conductivity, can be tailored or
significantly improved.

e They reduce particle entanglement compared to conventional slurries, resulting
in better flow behavior.

e They exhibit excellent dispersion stability, ensuring consistent performance

over time.
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1.7. PROBLEM STATEMENT

Utilizing water hyacinth (Eichhornia crassipes) for biofuel production presents
significant economic benefits, including saving millions of dollars in removal and
management costs. This invasive aquatic plant obstructs water flow and disrupts
ecosystems. Before extraction, quantitative data on the distribution of water hyacinth
was collected. According to the Water Treatment Directorate, the spread of water
hyacinth in southern Iraq is expected to reach 900 square kilometers by 2023. This
prompted a feasibility study on using biodiesel extracted from the water hyacinth plant
as an alternative to conventional diesel. The study also explores the integration of

aluminum oxide (AL>0O3) nanoparticles to enhance fuel performance [52,53].

Key areas of investigation include:

e Experimental and theoretical analysis of the performance characteristics of
compression ignition engines using biodiesel derived from water hyacinth and
its blends. This includes evaluating the impact of hyacinth-based fuels on
engine efficiency and combustion behavior.

e Examining the role of nanoparticles in improving biodiesel performance,
particularly in reducing emissions from internal combustion engines equipped
with injection pumps.

e Investigating nano-additives to enhance the chemical and physical properties
of biodiesel fuel blends.

e Studying the effects of varying nanoparticle concentrations in biodiesel on key
engine performance metrics, including Brake Specific Fuel Consumption
(BSFC), Brake Mean Effective Pressure (BMEP), Brake Power (BP), and
thermal efficiency (n).

e  Utilizing the ANSYS Fluent 20 software to simulate and visualize temperature
distribution within the combustion chamber, pressure profiles, the behavior of

nanomaterials, and their interaction with the fuel.
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1.8. OBJECTIVES

The current study aims to investigate the impact of biodiesel blends derived from water
hyacinth on exhaust emissions and the performance characteristics of diesel engines.

The primary objectives of this research are as follows:

e To evaluate the influence of biodiesel blends made from water hyacinth on
diesel engine performance and exhaust emissions, with the addition of
aluminum oxide (AL>O3) nanoparticles.

e To enhance understanding through thermodynamic analysis of diesel engines
operating under full load and varying engine speeds. This includes applying
the first and second laws of thermodynamics for comprehensive numerical
analysis.

e To experimentally examine the effects of blending pure diesel and biodiesel
with AL>O3 nanoparticles on emission components and validate the numerical
findings through comparison with experimental data.

e To assess the effects of blending AL>O3 nanoparticles with diesel and biodiesel
on engine performance, emission levels, and potential long-term environmental

impacts.

1.9. OBJECTIVES AND SCOPE OF THE STUDY

This study aims to evaluate and enhance the performance and emission characteristics
of compression ignition (CI) engines using biodiesel derived from water hyacinth
(Eichhornia crassipes) and its blends, with the incorporation of aluminum oxide

(AL203) nanoparticles.

The specific objectives and scope are as follows:

e To conduct experimental and theoretical analyses of CI engine performance
using biodiesel extracted from water hyacinth and its mixtures with diesel fuel.
The study assesses the impact of these blends on combustion characteristics

and engine efficiency.
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e To examine nano-additives' effects on the chemical and physical properties of
biodiesel-diesel blends, including improvements in thermal conductivity,
viscosity, and ignition behavior.

e To investigate the role of AL>Os nanoparticles in enhancing biodiesel
properties, particularly their effectiveness in reducing harmful emissions from
internal combustion engines operating with injection pumps.

e To apply ANSYS Fluent 20 software for simulating temperature distribution,
pressure fields, and the interaction between nanomaterials and fuel within the
combustion chamber, offering a detailed visualization of the combustion
process.

e To study the influence of varying nanoparticle concentrations on key engine
performance indicators such as Brake Specific Fuel Consumption (BSFC),
Brake Mean Effective Pressure (BMEP), Brake Power (BP), and thermal
efficiency ().

e To validate numerical simulation results with experimental findings, providing
a comprehensive understanding of the impact of nanoparticle-enhanced

biofuels on engine performance and environmental sustainability.

1.10. THESIS OUTLINE

This thesis is organized into the following six chapters:

e The first chapter presents general information about the topic. The background
to the study is provided, and it begins with a discussion of environmentally
friendly fuels, efficiency, and fuel economy. Nano additives are used to
improve diesel fuel's physical and chemical properties and increase the
combustion surface area. Problem statements, the study's objectives, and the
investigation scope are also included.

e Chapter two provides an overview of the literature studies that have been
carried out, as well as experimental and theoretical background on the impact
of biofuels on the properties and performance of C.I. internal combustion

engines with injection.
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Chapter three provides an overview of the research methodology used and
experimental and numerical analysis on the impact of biofuel blends of AlbO3
nanoparticles on the properties and performance of C.I. engines and emissions.
Chapter four describes the experimental approach and measurement tools used
in experiments, uncertainty analysis, and data collection through practical
programs and preparing the testing device in the combustion site.

Chapter five presents the results and discussion for both experimental and
numerical approaches and the validation of a numerical model for the main
engine performance and emissions parameters.

Chapter six records the main conclusions of the results and recommendations

for future development on combustion operation in diesel engines.
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PART 2

LITERATURE REVIEW

2.1. INTRODUCTION

This study has focused on the application of nanoparticle enhancers in diesel engines.
These additives improve diesel fuel's combustion properties, leading to more efficient
engine operation. This section aims to compile research on diesel engine performance
related to nanoparticle additives [55]. Diesel fuel remains a widely used energy source

in industrial operations, transportation, and electricity generation.

However, diesel fuel and coal combustion release harmful atmospheric pollutants,
including sulfur dioxide and various nitrogen-based compounds. These emissions
contribute significantly to air pollution and harm environmental and human health
[56]. Exhaust gases often contain nitric acid, carbon dioxide, and nitrogen dioxide
derivatives. If emissions from the estimated 600 million diesel-powered units globally
are not properly controlled, even small urban areas can become severely polluted,

experiencing reduced visibility and poor air quality [57].

Such pollutants can negatively affect respiratory health, particularly in individuals
with pre-existing conditions such as asthma and bronchitis. Moreover, they pose
serious threats to agricultural productivity and contribute to the degradation of the
ozone layer [58,59]. Thanks to the concerted efforts of the scientific community,

several strategies have been developed to mitigate these issues.

Figure 2.1 illustrates the evolution of exhaust gas treatment systems, highlighting the
progression from early approaches focused solely on improving diesel combustion
efficiency to more recent advancements aimed at reducing emissions and enhancing

overall engine performance [60].
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Reduction emissions and increasing performance to Diesel engine

L Directly by improving diesel combustion
—p By improving the injection system.
3 By using Bio-diesel fuel.

=—p- Exhaust gasrecirculation (EGR)
—p By using Magnetic field.

By modifying the combustion chamber and
=% piston head design.

—p By using water in Diesel emulsion fuel

By blending liquid fuel (Diesel + Biofuel) with
— Nanoparticles (as CuQ. Fe3z 04, Co304)

——» By mplementing exhaust gas after treatment systems

j—s Diesel particulate filters

L Diesel oxidation catalysts or selective catalytic
reduction systems.

Figure 2.1. Overview of methods for improving diesel engines[60].

Incorporating nanomaterials into fuel has shown promising results in reducing specific
fuel consumption, a key performance indicator that reflects the engine's efficiency in
converting fuel into usable energy. The precise amount of fuel consumed can vary
depending on the concentration of additives and engine load conditions. For instance,
a notable reduction of 12.12% in fuel consumption (micro fuel) was observed,
attributed to the nanoparticles' presence. These particles increase the fuel’s calorific
value slightly, thereby improving combustion efficiency and lowering specific fuel
consumption. The enhanced surface area provided by the nanomaterials promotes

better fuel-air mixing and ignition within the combustion chamber [61].

Figure 2.2 illustrates the application of the Takashi method, which involves natural
aspiration and water cooling via direct injection, in evaluating a four-stroke, single-
cylinder gasoline engine. The tested diesel engine operates using a blend of biodiesel
derived from recycled oil and iron oxide nanoparticles (Fe203), maintaining a constant

speed of 1800 rpm under varying load conditions. For experimental purposes,
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biodiesel blends were prepared with additive concentrations of 10 ppm, 30 ppm, 50

ppm, 70 ppm, and 100 ppm for combustion and heating applications [60].

Figure 2.2. Single-cylinder four-stroke diesel engine [62].

Biodiesel requires government subsidies and nano-additives as a viable direct
replacement for petroleum-based fuels. Biodiesel enhanced with nanoparticles is a
promising alternative fuel due to its strong environmental potential and ability to

power internal combustion engines effectively.

Some nanoparticles work especially well as gasoline additives. For instance, they may
enhance combustion speed characteristics and decrease ignition delay time, two
important aspects of engine responsiveness and fuel economy. Furthermore, flame
propagation and stability may be affected by modifying combustion dynamics using

nanoparticles, particularly those containing elements like lithium.

Fuel compatibility and phase separability are important considerations when blending
nanomaterials with biodiesel. This thesis investigates improvements in biodiesel
technology, emphasizing nanomaterials to improve fuel efficiency and environmental

sustainability.
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2.2. FINDINGS REGARDING NANOPARTICLE ADDITIVES

Researchers are increasingly interested in using additives to enhance the performance
of internal combustion engines. Significant attempts have been made to improve
engine efficiency and reduce exhaust emissions in future vehicle technology. Most
gasoline additives are available in liquid or solid form, mainly enhancing engine
performance while reducing dangerous gas emissions into the environment. Recent
research has focused on novel materials, such as graphite-based additives, to improve

engine performance [61].

An experiment tested the efficacy of nanoparticle-enhanced fuels using a diesel engine
operating on water-diesel emulsion fuel and two kinds of alumina (AlOs)
nanoparticles. This research used a three-stage assessment approach, first assessing a
water-pure diesel emulsion, then a water-diesel combination incorporating two types
of alumina nanoparticles, and lastly a diesel-water emulsion with integrated alumina
nanoparticles. The results showed enhanced engine performance and lower harmful

emissions [63].

Concerns about the depletion of fossil fuels have increased interest in clean and
sustainable energy options. Biodiesel has emerged as a prominent, environmentally
friendly alternative to standard diesel, with benefits such as improved lubricity, a
higher cetane number, and reduced carbon emissions. Devarajan et al. [64] examined
the impact of adding 0.01 wt.% alumina nanoparticles to biodiesel derived from waste
cooking oil in a single-cylinder diesel engine. The results revealed substantial
improvements in thermal efficiency, brake power, and fuel consumption. Moreover,
biodiesel and nanoparticles' blends significantly reduced carbon monoxide emissions,
unburned hydrocarbons, and particulate matter. However, a slight increase in nitrogen

oxide (NOx) emissions was observed compared to pure biodiesel.

Current research supports the potential of nanoparticle-enhanced biodiesel to improve
engine performance and reduce emissions. Nonetheless, further investigation is
essential to evaluate nanoparticle-infused biodiesel's long-term effects, environmental

impact, and practical feasibility in commercial diesel engines [65,66].

23



Soudagar et al. [67] evaluated the influence of introducing aluminum oxide (Al2Os)
nanoparticles into diesel engines powered by honge oil methyl esters, a form of
biodiesel. While biodiesel has the potential to reduce greenhouse gas emissions and
reliance on fossil fuels, it is also associated with several drawbacks, including
decreased engine efficiency, increased emissions in engines not designed for light oil

combustion, and poor ignition due to higher viscosity and lower heating value.

Nanoparticles have shown potential for improving engine efficiency and emissions.
They increase brake-specific fuel consumption (BSFC), and lower exhaust gas
temperature (EGT). Their ability to minimize emissions of carbon monoxide (CO),
hydrocarbons (HC), nitrogen oxides (NOx), and smoke opacity makes them a
promising choice for optimizing biodiesel combustion. However, many studies fail to
account for the various impacts of nanoparticles on biodiesel types and engine setups.
Fuel mix, combustion chamber shape, and injection time substantially impact

combustion efficiency and emission characteristics [68]

Several research studies have looked at the use of nanoparticles to improve engine
performance while reducing environmental effects [69,70]. The combustion chamber
design and fuel injection time have been demonstrated to impact engine efficiency and
emissions significantly. According to a current study, integrating nanomaterials,
changing combustion chamber design, and improving injection timing may
considerably boost performance and lower emissions. Despite the positive findings,
further research is needed to determine nanoparticle-enhanced biodiesel's long-term

impacts and viability in real-world diesel engines.

The addition of graphene oxide—titanium dioxide (GO-TiO2) nanocomposites into
diesel fuel has also been explored to enhance combustion efficiency and reduce
emissions. These nanocomposites increased brake thermal efficiency and decreased
BSFC [71]. Turbine engine tests revealed that these nanocomposites reduced NOx and
CO emissions [72] but increased particulate matter (PM) emissions while decreasing
smoke opacity. This suggests that, although nanocomposites can improve, additional

tuning is required to reduce unfavorable trade-offs [73].
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Hosseinzadeh-Bandbatha et al. [74]tested the impact of carbon nanoparticles
combined with diesel/biodiesel emulsions on a single-cylinder, direct-injection, air-
cooled diesel engine. The research looked at BSFC, brake thermal efficiency (BTE),
CO, NOx, and PM emissions. The results revealed increased engine efficiency,
decreased fuel consumption, and lower CO and PM emissions. However, there was a
slight increase in NOx emissions. Their life cycle analysis concluded that carbon
nanoparticles mitigated the environmental impacts of biodiesel use in several

categories, including degradation and climate change.

Similarly, Sunil et al. [75] investigated the use of titanium dioxide (TiOz) nanoparticles
in biodiesel blends for CI engines. The optimal concentration of TiO: nanoparticles
was approximately 50 ppm, resulting in improved fuel economy and reduced CO, HC,
and smoke emissions. However, ensuring that NOx emissions do not rise is essential

for maintaining environmental sustainability.

Rangabashiam et al. [76] studied the effects of aluminum oxide nanoparticles blended
with diesel fuel on engine efficiency, combustion by-products, and exhaust emissions.
The findings showed increased performance, including higher BSFC and brake
thermal efficiency. The ignition latency was reduced, and peak cylinder pressure was

raised. Nonetheless, a considerable increase in NOx emissions was detected.

Gad et al. [77] compared three distinct nanoparticles—alumina, cerium oxide, and
cupric oxide—blended with Jatropha biodiesel. Their findings showed higher thermal
efficiency, indicated power, and specific fuel usage. Additionally, reductions were

observed in smoke opacity, CO, and HC emissions, while NOx emissions increased.

Jin et al. [78] investigated adding several nanoparticles to diesel fuel, including silicon
oxide, carbon nanotubes, and aluminum oxide. They investigated combustion
characteristics and emissions in a water-cooled, single-cylinder, direct-injection diesel
engine with a compression ratio of 18.5:1. The findings indicated that nanoparticle-

enhanced diesel fuel increased heat release rates, combustion efficiency, and ignition
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delay. Furthermore, CO, HC, and smoke emissions were decreased, whereas NOx

emissions slightly increased.

Perumal et al. [79] studied how copper oxide (CuO) nanoparticles combined with
Pongamia methyl ester biodiesel affected diesel engine performance, combustion
parameters, and emissions. The research used a single-cylinder, four-stroke, direct-
injection diesel engine with a compression ratio of 17.5:1. The findings showed that
adding CuO nanoparticles greatly improved engine performance, as demonstrated by
increased brake thermal efficiency (BTE) and decreased brake-specific fuel
consumption (BSFC). Furthermore, emissions of NOx, CO, smoke, and other exhaust

pollutants were significantly reduced.

Similarly, El-Seesy et al. [80] investigated the influence of adding multi-walled carbon
nanotubes (MWCNTs) into a biodiesel-diesel oil mix. The trials used a water-cooled,
single-cylinder, direct-injection diesel engine with dimensions of 138 mm X% 158 mm
and a compression ratio of 17.5:1. The results showed that the use of MWCNTs
enhanced engine performance, notably in terms of higher BTE. Additionally, specific
fuel consumption (SFC) and smoke opacity decreased. However, utilizing MWCNTs

resulted in greater exhaust gas temperatures and NOx emissions.

Chandrasekaran et al. [81] studied the fuel parameters of biodiesel and their influence
on combustion characteristics and pollutant emissions. The research discovered that
adding nanoparticles—specifically alumina (ALOs), titanium dioxide (TiO:), and
cerium oxide (CeO:)—significantly improved fuel -characteristics, increased
combustion efficiency, and decreased emissions. These results demonstrate
nanotechnology's potential to improve the quality of transportation fuels and
environmental sustainability. While the findings are promising, the authors
emphasized the need for additional research to determine the long-term effects of
higher nanoparticle concentrations in nano-diesel blends, particularly regarding engine

durability and sustained emission performance.

El-Seesy et al. [82] tested diesel engines' performance, combustion, and emissions

utilizing a combination of Jojoba Treat ester and diesel fuel, augmented with
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aluminum oxide (Al:Os) nanoparticles. The research found that a 40:60 (v/v) blend
ratio was ideal and that adding 20 ppm of nanoparticles considerably enhanced engine
efficiency. Furthermore, nanoparticles improved combustion attributes by shortening

ignition time and increasing combustion duration.

2.3. EFFECTS OF TINY CHEMICALS ON EMISSIONS AND ENGINE
EFFICIENCY

Nano-additives have lately received a lot of interest due to their capacity to increase
engine efficiency while lowering hazardous emissions. Several studies have examined
these additives' effects on engine performance and pollutant emissions. Yaser et al.
[82] adding aluminum oxide (Al.Os) nanoparticles to diesel engine fuel improved
performance and reduced emissions. In the investigation, a four-stroke engine was
directly fed with gasoline at a constant pressure of 400 bar, with 100 and 150 ultrasonic
mixers used to ensure adequate fuel mixing. The mixed fuel produced less nitrogen

oxides (NOx) and particulate matter (PM) than traditional diesel fuel.

Researchers also tested engines driven by a blend of vegetable oil-derived diesel and
diesel methyl ester, especially biodiesel made from pumpkin seeds. This study
examines the effects of incorporating copper oxide (CuO) nanoparticles at various
concentrations (50 ppm and 100 ppm) on engine efficiency, emissions, and
combustion characteristics. Previous research has shown that CuO nano-additives
increase combustion efficiency and greatly decrease hazardous exhaust emissions

during biofuel use[83,84].

Khan [85] conducted experiments using a blended fuel to reduce pollutant emissions
under standard operating conditions of a direct-injection internal combustion engine.
The engine was tested at various load levels while maintaining a constant speed.
Building on previous research, the current study confirms that blends of pure diesel
and biodiesel with aluminum oxide nanoparticles (ALNPs) are more effective in
reducing emissions than carbon-based fuels treated with ammonium trioxide at
concentrations of 40, 80, and 120 parts per million (ppm). The economic analysis

further supports these findings, indicating a significant reduction in nitrogen oxide
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(NOx) emissions. The fuel composition was also identified as the primary factor

contributing to the most notable decrease in carbon dioxide (COz) emission.

Dharsini et al. [86] examined the effects of incorporating nano-catalytic materials into
a blend of soybean-based biodiesel and conventional diesel fuel using a single-
cylinder, four-stroke internal combustion engine. The study found that using SiO:
nanoparticles improved brake thermal efficiency (BTE) and lowered brake-specific
fuel consumption (BSFC). Furthermore, significant decreases in CO2, CO, and NOx
emissions were detected compared to baseline diesel fuel. The SiO: nano-additives

improved combustion efficiency, resulting in these gains.

Bunyan and Abed [87] studied the potential of vegetable oils as a sustainable energy
source for biodiesel manufacturing. Biodiesel may be made from several raw
resources, including animal fats, non-edible vegetable oils, waste cooking oils, and
other low bioenergy feedstocks. This study examined the impact of adding CeO:
nanoparticles at 50 and 75 ppm concentrations to cottonseed oil-based biodiesel. To
assess the influence of the nano-additives, a water-cooled, three-cylinder diesel engine
was subjected to four different trial loads. The study found that increasing the
concentration of CeO: nanoparticles led to higher soot emissions. This growth

coincided with an increase in nitrogen oxide (NOx) emissions.

Gumus et al. [88] studied the performance of internal combustion engines using
computational and experimental approaches. They focused on the impacts of AL:Os
nanoparticles combined with pure diesel fuel. A single-cylinder, four-stroke diesel
engine was tested under a variety of load circumstances. Diesel fuel was mixed with
AlL:Os nanoparticles at three different concentrations: 25 ppm, 50 ppm, and 100 ppm.
The analysis found a slight difference of 20.2% between the two numerical
methodologies. Additionally, the presence of nanoparticles led to a 2.5% reduction in

smoke opacity and a substantial drop in nitrogen oxide (NOx) emissions.

Matus et al. [89]used CeO-/ZrO: nanoparticles to improve engine efficiency and lower
exhaust pollutants. The researchers combined three different nanoparticle

concentrations (25 ppm, 50 ppm, and 100 ppm) with cottonseed and agarwood oil
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biodiesel. The results showed that these nanoparticles increased engine performance
without needing any changes to the internal combustion engine while also helping to
reduce nitrogen oxides (NOx) and other pollutants. For the experimental analysis, a
four-stroke diesel engine was utilized. The fuel mixes included ammonium trioxide
and CZ nanoparticles at the same concentrations. The nanoparticles were distributed
in the gasoline using an ultrasonic processor and a mechanical homogenizer (electric
hand mixer) to guarantee adequate blending. The findings showed a 20% decrease in
CO: emissions and a 12% reduction in NOx emissions. Fuel consumption dropped by

14%, and thermal efficiency improved noticeably.

Ali et al. [90] studied how different alcohol additions in blended fuels affected the
cyclic variation of diesel engines. The research used a single-cylinder, four-stroke
diesel engine to do trials with various mixtures of diesel fuel and alcohol, such as
methanol, ethanol, and butanol. Alcohols in gasoline mixes enhanced brake thermal
efficiency while lowering carbon monoxide (CO) and hydrocarbon (HC) emissions.
However, the data also showed a rise in nitrogen oxide (NOx) emissions and a

reduction in the amplitude of pressure changes during burning.

Ors et al. [91] examined how adding titanium dioxide (TiO2) nanoparticles to diesel,
biodiesel, and n-butanol mixes affected a diesel engine's performance, combustion,
and emission profiles. According to the results, TiO2 nanoparticles considerably
enhanced engine performance and decreased emissions. This was demonstrated by
improved specific fuel consumption (SFC), reduced exhaust gas temperature (EGT),
enhanced brake thermal efficiency (BTE), and reduced emissions of nitrogen oxides
(NOx), hydrocarbons (HC), and carbon monoxide (CO). Additionally, using

nanoparticles decreased the ignition delay and boosted the heat release rate.

Kumar et al. [92] studied the performance and emission characteristics of a biodiesel-
fueled engine utilizing a single-cylinder, four-stroke, air-cooled diesel engine with a
compression ratio of 17.5:1. The studied fuels comprised B20, a combination
consisting of 80% diesel and 20% biodiesel, as well as B20 combined with aluminum
oxide (Al20s) nanoparticles at concentrations of 50 ppm, 100 ppm, and 150 ppm.

Brake-specific fuel consumption (BSFC), exhaust gas temperature, and brake thermal
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efficiency (BTE) measures were among the performance studies that showed that B20
gasoline supplemented with aluminum oxide nanoparticles produced better results

than B20 alone.

Nithya et al. [93] investigated the effects of titanium dioxide (TiO2) nanoparticles on
the performance and emissions of a single-cylinder diesel engine fueled with various
blends of canola biodiesel. The results demonstrated that adding nanoparticles reduced
carbon monoxide (CO) and particulate matter (PM) emissions, with the most
significant decrease observed in the 20% biodiesel blend containing 0.1% TiO:
nanoparticles. However, the study also noted increased nitrogen oxide (NOXx)

emissions.

Ramesh et al. [94] conducted a study using a single-cylinder, four-stroke, direct-
injection diesel engine, achieving a maximum power output of 3.7 kW at 1500
revolutions per minute. The incorporation of alumina (Al.Os) nanoparticles into
biodiesel/diesel blends derived from poultry dung significantly improved engine
performance and combustion characteristics. As a result, notable reductions were
observed in the emissions of carbon monoxide (CO), hydrocarbons (HC), and
particulate matter (PM). However, nitrogen oxide (NOx) emissions remained largely
unchanged. An energy and exergy analysis of the nanoparticle-enhanced engine
indicated that the observed energy and exergy efficiency improvements were primarily
attributable to alumina nanoparticles. The study above also examined the impact of
various nano-additives—including alumina, copper oxide (CuQ), and titanium oxide
(TiO2)—on engine performance and emissions. The results revealed that nano-
additives enhance fuel combustion efficiency while reducing CO, HC, and particulate
pollutants. However, the effectiveness of these improvements was found to depend
significantly on the morphology (topography) of the nanoparticles used and the

specific composition of the fuel blends.
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24. THE IMPACT OF THE CATALYST ON THE EFFICIENCY AND
EMISSIONS OF DIESEL-BIODIESEL COMBINATIONS

As environmental awareness continues to grow, the use of biodiesel as an alternative
to conventional diesel fuel is also increasing. However, biodiesel-diesel blends often
fall short of pure diesel in terms of performance and emission characteristics. Chemical
catalysts can potentially improve both the efficiency and emission profiles of these
fuel mixtures. The following sections of this study explore the influence of catalysts

on the performance and emissions of diesel-biodiesel blends.

Wu et al.[95] used ultrasonic mixing methods to add carbon-coated aluminum (Al-C)
nanoparticles to diesel-biodiesel blends to examine fuel additives' impact on engine
performance and emissions. Three kinds of fuel were evaluated in the experiments,
which were conducted using a diesel engine. 4% ethanol and 20%, 30%, and 50%
quantities of aluminum oxide (AlOs) nanoparticles were included in one of the mixes.
The load was changed throughout the testing, but the engine speed remained constant.
The findings unequivocally showed that the use of AlOs nanoparticles decreased fuel

consumption, particularly in brakes.

Hosseini et al. [96] used biodiesel blends enriched with alumina (AlOs) nanoparticles
as a catalytic additive to study a compression ignition engine's performance and
emission characteristics. The research discovered that at an alumina concentration of
50 ppm, the optimum brake thermal efficiency (BTE) was improved. Specific fuel
consumption (SFC) and carbon monoxide (CO) emissions decreased with the addition
of alumina nanoparticles, although nitrogen oxide (NOx) emissions slightly increased.
Additionally, the improved performance of the gasoline combined with nanoparticles
was better than that of the base fuel alone, especially in lower emissions of suspended

particulate matter (PM) and smoke.

Ong et al. [97] examined the manufacturing procedure and characterization of
biodiesel made from a blend of two inedible oils—Pentandra and Calophyllum
epiphyllous—using a two-step transesterification process. Methanol and potassium

hydroxide were used as catalysts in the process. Ninety minutes of reaction time, 60°C,
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and a 9:1 methanol-to-oil molar ratio were found to be the ideal parameters for the
generation of biodiesel. The maximum biodiesel output of 95.8% showed a

comparatively high conversion efficiency.

Bitire et al. [98] used both homogeneous and heterogeneous catalysts to study the
catalytic conversion of parsley seed oil (PSO) to biodiesel. The goal of the research
was to increase the output of biodiesel by using calcium oxide (Ca0), a heterogeneous
catalyst. A reaction temperature of 65°C, a reaction duration of 4 hours, and a catalyst
concentration of 4% with 0.75 weight percent were found to be the ideal parameters

for the generation of biodiesel.

Bitire et al. [99] used potassium hydroxide (KOH) as a catalyst to study biodiesel
synthesis from parsley seed oil. Optimizing the manufacturing process and assessing
the quality of the finished biodiesel product were the two primary stages of the study.
A catalyst concentration of 0.6% (w/w), a methanol-to-oil molar ratio of 6:1, and a
reaction period of 60 minutes were the ideal parameters for biodiesel synthesis. A yield

of 93.6% biodiesel was produced under these circumstances.

Parida et al. [100] investigated a direct-injection compression ignition engine fueled
with a diesel blend of titanium dioxide (Ti02) nanoparticles and Karanja biodiesel for
performance and emissions characteristics. According to the results, TiO:
nanoparticles improved brake thermal efficiency and reduced exhaust gas
temperatures. However, adding nanoparticles also increased carbon monoxide (CO)
emissions, which may indicate a breakdown in the combustion process and a decrease
in combustion completeness. However, due to the nanoparticles, there was a
significant decrease in nitrogen oxide (NOx) emissions, which was explained by the
reduced oxygen availability in the combustion chamber. Particulate matter (PM)
emissions were further reduced because the TiO: nanoparticles acted as a catalyst,

promoting the oxidation of soot particles and further reducing emissions.

Keera et al. [101] studied biodiesel production from castor oil, focusing on optimizing
the production process. The experiment evaluated several key factors influencing

biodiesel yield, including reaction time, temperature, methanol-to-oil molar ratio, and
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catalyst concentration. In addition to yield, the researchers analyzed the physical and
chemical properties of the produced biodiesel, including density, kinematic viscosity,
flash point, pour point, and calorific value. The results indicated that the biodiesel met
ASTM standards and exhibited properties comparable to conventional diesel fuel.

Based on these findings, castor oil is a promising feedstock for biodiesel production.

Ala'a et al. [102] studied the pyrolysis and hydro-treatment of waste pits to produce
green diesel and jet fuel fractions. The results showed that green diesel yield increased
with higher reaction temperatures, although product selectivity decreased. An optimal
reaction temperature of 325°C was identified, yielding a 15% increase in product
weight and a 50% improvement in fuel quality for specific applications when catalyst
loading and reaction pressure were properly adjusted. The fuel properties of the
resulting products were found to comply with ASTM D975 and ASTM D1655
standards, indicating their suitability as alternatives to conventional gasoline and jet
fuel. Furthermore, the study included an economic assessment, concluding that the

process could be financially viable if crude oil prices exceeded $70 per barrel.

2.5. OPTIMIZATION OF ENGINE PARAMETERS AND BIODIESEL
PRODUCTION

To lessen the negative environmental effects of fossil fuels, optimizing both engine
operating parameters and biodiesel manufacturing procedures is crucial. The ideal
circumstances that maximize engine performance while reducing emissions have been
the subject of several research studies. This area of study focuses on how several
parameters, including compression ratio, injection time, and fuel characteristics, affect
engine efficiency and pollution production. Increasing the output and quality of
biodiesel fuels also entails improving biodiesel manufacturing methods like

transesterification and esterification.

Fattah et al. [103] investigated the influence of antioxidants on the oxidative stability
of biodiesel derived from both vegetable and animal oil feedstocks. The results showed
that ascorbic acid and tocopherol were the most effective in enhancing oxidative

stability. Among synthetic antioxidants, butylated hydroxytoluene (BHT) performed
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better than tert-butylhydroquinone (TBHQ), although its effectiveness varied
depending on the type of feedstock used. Furthermore, the study noted that
antioxidants can reduce the formation of toxic compounds generated during the
biodiesel oxidation process. The researchers concluded that improving biodiesel's
oxidative stability through antioxidants can significantly enhance the fuel’s shelf life

and overall quality.

Parmar et al. [104] studied a single-cylinder, four-stroke diesel engine that was used
for numerical experiments using Minitab statistical software. The research
investigated the effects of key operational parameters—including mixing ratio,
compression ratio, injection pressure, and engine load—on engine performance and
fuel consumption. Specifically, the study was evaluated using a 50:50 blend of palm
oil biodiesel and conventional diesel under naturally aspirated conditions. It was
observed that these operational variables significantly affected engine performance
and specific fuel consumption. As the number and levels of influencing factors

increased, so did the number of potential model combinations for optimization.

Agrawal et al. [105] aimed to improve a compression ignition engine's performance
and emission characteristics by using biodiesel-alcohol blends. The optimal fuel
mixture demonstrated enhanced engine efficiency and significantly reduced exhaust
emissions compared to conventional diesel fuel. Specifically, emissions were reduced
by up to 41% for carbon monoxide (CO), 40% for hydrocarbons (HC), and 35% for
nitrogen oxides (NOx), primarily due to the presence of alcohol in the blend, which
contributed to cleaner combustion. The study emphasized that the efficiency and cost-
effectiveness of fuel blends can be greatly improved by applying advanced
optimization techniques such as the Taguchi method, multiple regression analysis, or

artificial neural networks.

Figure 2.3 presents the layout of the experimental setup conducted by Raja et al.
[106]on a biodiesel-fueled direct injection engine. The study involved comprehensive
energy and exergy analysis and multi-objective optimization. It was found that the use
of biodiesel significantly influenced engine performance parameters. However, two

major challenges associated with biodiesel use were identified: its lower calorific value
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and higher viscosity than conventional diesel. To address these issues, the study
focused on optimizing key engine parameters, including compression ratio, injection
timing, and fuel injection pressure. The Taguchi method was employed to determine
the optimal settings for operating a direct injection engine using biodiesel fuel.
Interestingly, adding carbon nanotubes had a more pronounced effect on engine

performance and emission characteristics than diesel alone.
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Figure 2.3. Layout of the experimental setup[106].

2.6. THE IMPACT OF NON-CONVENTIONAL DIESEL FUELS ON ENGINE
EFFICIENCY AND POLLUTANT EMISSIONS

Growing awareness of environmental degradation and the finite supply of fossil fuels
has increased interest in alternative diesel fuels. Options such as biodiesel, sustainable
diesel, and bio-petrol have been widely studied for their impact on engine efficiency
and emissions. This review examines the effects of using non-conventional diesel fuels

on engine performance and pollutant output.

Asokan et al. [107] evaluated the performance and emission characteristics of a diesel
engine fueled with kapok methyl ester (KME) blended with conventional diesel. The
results demonstrated that KME improved brake thermal efficiency (BTE) across

various load conditions, with the most significant gains observed at higher loads.
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Additionally, KME contributed to a reduction in smoke opacity and nitrogen oxide
(NOx) emissions. However, at elevated loads, hydrocarbon (HC) and carbon
monoxide (CO) emissions from KME—diesel blends were higher than those from pure
diesel. Despite this drawback, the authors concluded that KME represents a promising

alternative fuel for diesel engines.

Datta and Mandal [108] conducted a study in 2017 to evaluate the performance,
combustion, and emission characteristics of a compression-ignition engine fueled with
various alcohol-biodiesel blends. The investigation involved mixing diesel fuel with
three types of biodiesel, palm, jatropha, and mustard, and three types of alcohols,
methanol, ethanol, and butanol, at blend ratios ranging from 10% to 30%. The results
indicated a general decrease in brake thermal efficiency and an increase in specific
fuel consumption across all blends compared to pure diesel. Although NOx emissions
increased, the rise was offset by significant reductions in carbon monoxide (CO),
hydrocarbons (HC), and sulfur oxides (SOx), resulting in an overall decline in harmful
emissions. Among the tested blends, the mixture containing 20% biodiesel (from palm

or jatropha) and 10% butanol had the least adverse effect on brake thermal efficiency.

Aliyu et al. [109] investigated the performance and emission characteristics of a diesel
engine fueled with Croton megalocarpus methyl ester (CME) blended with
conventional diesel fuel. The study evaluated blends containing 20%, 40%, 60%, and
80% CME. Compared to pure diesel, the CME—diesel blends resulted in reduced
engine power output and brake thermal efficiency. However, they also led to notable
decreases in emissions of carbon monoxide (CO), unburned hydrocarbons (HC), and
particulate matter (PM). Interestingly, increasing the CME content further reduced
CO, HC, and PM emissions, but the improvements became less pronounced at higher
blend ratios. Additionally, the study reported a net increase in nitrogen oxide (NOx)

emissions across all blends.

Jado and Pan [110] conducted a study to evaluate a diesel engine's performance and
emission characteristics fueled with Jatropha biodiesel and its blends under varying
engine loads. The experimental results indicated that increasing the proportion of

biodiesel in the fuel blends led to reductions in brake power, air-fuel ratio (AFR), brake
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thermal efficiency (BTE), volumetric efficiency (VE), and brake-specific fuel
consumption (BSFC). The study observed an increase in the total emissions of carbon
dioxide (CO2) and nitrogen oxides (NOx) with higher biodiesel content. However,

specific CO: emissions (per power output unit) were reduced.

Masera [111] conducted a study using a three-cylinder, in-line, four-stroke direct-
injection diesel engine to investigate the effects of biodiesel derived from various
sources as an alternative to fossil diesel fuel. The study aimed to address the challenges
related to engine performance and emissions by evaluating the combustion and
emission characteristics of biodiesel blends. For the experiments, biodiesel was
produced from diverse feedstocks, including sheep fat, chicken fat, and waste cooking
oil. These components were blended in varying proportions. The findings revealed that
when mixed with plant-based biodiesel or waste cooking oil, biodiesel derived from
animal fats resulted in fuel blends with different combustion behaviour than pure
diesel. Specifically, blends with lower levels of unsaturation exhibited shorter

combustion durations and an earlier high-temperature combustion phase.

Gao et al. [112] focused on applying hydrogen fuel in internal combustion engines
due to its carbon-free nature and potential to achieve high thermal efficiency with
minimal emissions. Hydrogen is considered one of the most promising alternative
fuels, as it can be introduced into internal combustion engines while offering superior
thermal performance and a cleaner exhaust profile. However, the use of hydrogen
presents several technical challenges. Poor fuel-air mixing in hydrogen-injected

engines can lead to abnormal combustion phenomena, such as backfiring.

Udayakumar and Kasiraman [113] conducted a study to evaluate the use of a fuel blend
of turpentine oil and cottonseed oil ester as an alternative fuel in internal combustion
engines. The research aimed to investigate both engine performance characteristics
and the effects of varying injection pressures on exhaust gas emissions. Suitable diesel
engine models were selected for testing, specifically a four-stroke, water-cooled diesel
engine operating at a constant speed of 1500 rpm. The experiments involved testing
various blend ratios of turpentine oil, ranging from 20% to 50%, each formulated with

high-quality fuel components to ensure performance consistency. The results revealed
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that an injection pressure of 210 bar yielded the most favorable outcomes among the

pressures tested.

Ozgiir [114] focused on optimizing biodiesel production from used cooking oil and
evaluating the performance of a diesel engine operating on the resulting biodiesel.
According to the findings, the optimal biodiesel yield was achieved using a catalyst
concentration of 1.1%, a methanol-to-oil molar ratio of 6.2:1, and a reaction time of
50 minutes. Engine tests showed that biodiesel produced under these conditions
delivered power and torque comparable to conventional diesel fuel. However, it
exhibited slightly higher brake-specific fuel consumption (BSFC) and increased

smoke emissions from the exhaust.

Feng et al. [115] evaluated the effectiveness of aftertreatment systems in reducing
emissions from marine diesel engines. The research focused on using various
alternative fuels—including methanol, liquefied natural gas (LNG), and biofuels such
as biodiesel and bioethanol—and their influence on overall emission profiles. The
study found that treatment technologies such as Selective Catalytic Reduction (SCR)
and Exhaust Gas Recirculation (EGR) were effective in lowering nitrogen oxide
(NOx) emissions. However, these systems had limited effectiveness in reducing other

harmful pollutants, such as particulate matter and unburned hydrocarbons.

Xiao et al.[116] studied the flame combustion characteristics and pollutant emissions
of a diesel engine fueled with a blend of isobutanol and biodiesel. The experiments
used a single-cylinder diesel engine with a common rail injection system. The results
showed that the isobutanol-biodiesel blends exhibited improved brake thermal
efficiency (BTE) and reduced specific fuel consumption (SFC) compared to pure
biodiesel or conventional diesel fuel. However, the increased oxygen content in the
blend led to higher combustion temperatures and pressures, resulting in a notable rise

in nitrogen oxide (NOx) emissions.

Biodiesel, renewable diesel, and biogas were the subjects of a number of studies that
looked at how they affected engine performance and emissions from diesel engines. In

addition, its researchers aimed to find out how such fuels influence gasoline
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consumption and emissions. Several pollutants, including fine particles, hydrocarbons,
nitrogen oxides, and carbon monoxide, can be decreased, according to the study, by
switching to alternative diesel fuels. On the other hand, of course certain alternative
fuels lead to increased nitrogen oxide emissions too. The studies also indicate that to
achieve an optimal alternative-fuel performance, some modifications might be vital

for engines.

Numerous studies have also explored the effects of alternative fuels, such as biodiesel,
renewable diesel, and biogas, on engine performance and emissions. These studies
aimed to determine how such fuels influence fuel consumption and pollutant
emissions. Overall, findings suggest that alternative diesel fuels can reduce several
pollutants, including particulate matter, hydrocarbons, nitrogen oxides, and carbon
monoxide. However, some alternative fuels have also been associated with increased

NOx emissions, indicating the need for careful fuel formulation and engine calibration.

The reviewed literature includes extensive research efforts to enhance engine
performance and reduce emissions. Promising approaches include nanoparticle
additives, such as copper and carbon nanotubes, which have demonstrated potential to
improve combustion efficiency and lower emissions. Nonetheless, further
investigation is needed to understand the long-term effects of these additives on engine

durability and environmental safety.

Moreover, combining diesel and biodiesel with appropriate catalytic agents has
significantly reduced harmful emissions. However, identifying the optimal type and
concentration of catalyst for different engine types and fuel blends remains a key area
for future research. Similarly, optimizing biodiesel production processes and fine-
tuning engine operating parameters have yielded encouraging results, but further
refinement is necessary to ensure compatibility across various engine platforms and

fuel compositions.

Finally, alternative fuels such as biogas, ethanol, hydrogen, and hydropower-derived
fuels present considerable potential for reducing dependence on fossil fuels and

lowering pollutant emissions. While these alternatives show promise for improving
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engine efficiency and environmental outcomes, comprehensive research is still

required to support their widespread implementation in commercial diesel engines.
2.7. SUMMARY

Based on the findings from the aforementioned literature review, the following

conclusions can be drawn:

e The addition of nano-additives to fuel significantly enhances the amount of
energy released during combustion and contributes to notable improvements in
engine performance. Typically, treating fuel with nanoparticles leads to a
reduction in both pollutant emissions and fuel consumption. Compared to
modifications involving diesel fuel alone, including various nanoparticles,
induce more substantial changes to the fuel's microstructure.

e Diesel engines utilizing nanoparticle-enhanced fuel have shown a reduction in
fuel consumption ranging from 9% to 13%, outperforming other modification
methods, which achieved up to 8% reductions. As illustrated in Figure 2.4(a),
nano-additives reduced fuel usage by 56%, while conventional diesel fuel
achieved a 44% reduction. Furthermore, the integration of nanomaterials into
diesel fuel improved its overall quality, resulting in a decrease in harmful
emissions. This outcome is depicted in Figure 2.4(b), which demonstrates the

emission-reducing benefits of nanoparticle-enhanced fuels.
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Figure 2.4. The use of various types of nano-additives and their effects on (a) fuel
consumption and (b) exhaust emissions.
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PART 3

RESEARCH METHODOLOGY AND NUMERICAL ANALYSIS

3.1. INTRODUCTION

Internal combustion engine behaviour, performance, and structural integrity may be
thoroughly studied utilizing IC Engine simulation using ANSYS Fluent and ANSYS
Mechanical (Static Structural) software. These two software modules, a component of
the ANSYS package, IC engine fluent, cater to many areas of engine simulation by
integrating structural evaluation and fluid dynamics analysis to provide a
comprehensive knowledge of engine operation and interactions with the environment.
The complicated fluid movement, heat transport, combustion, and structural stresses

in internal combustion engines make them complex systems.

3.2. METHODOLOGY

In Figure 3.1, the details of the research methodology were explained step by step. In
the first step, the objectives of the research work were determined (four step) and
theoretical calculations were made to find the thermal efficiency, fuel consumption
rate, the force acting on the piston inside the cylinder and emissions, as well as finding
the lowest emission of unburned hydrocarbons and the lowest unburned nitrogen
oxides. In the second step, the addition of biodiesel (extracted from water hyacinths)
to pure diesel fuel was chosen, as well as the addition of nanomaterials from (AL203)
in different proportions, to improve engine performance and reduce gaseous emissions
resulting from the combustion process. The third step, where the experiments were
conducted using the Ansys Fluent program and all information was entered into the
program, including engine data, chemical and physical properties of the nanomaterials,
biodiesel, and pure diesel. The four steps are comparing the practical and theoretical

results and verifying the validity of the results.
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3.3 NUMERICAL ANALYSIS

Internal combustion engine behaviour, performance, and structural integrity may be
thoroughly studied utilizing IC Engine simulation using ANSYS Fluent and ANSYS
Mechanical (Static Structural) software. These two software modules, a component of
the ANSYS package, IC engine fluent, cater to many areas of engine simulation by
integrating structural evaluation and fluid dynamics analysis to provide a
comprehensive knowledge of engine operation and interactions with the environment.
The complicated fluid movement, heat transport, combustion, and structural stresses

found in internal combustion engines make them complex systems.

3.3.1. IC Engine Fluent

Considered IC Engine Fluent, a specialized computational method in the ANSYS
software, can simulate the fluid dynamics and combustion processes of internal
combustion engines. It provides scientists and engineers with a comprehensive
platform to assess and enhance the efficiency, emissions, and performance of many
internal combustion engine types used in automotive, aerospace, and industrial
applications. Internal combustion engines are complex devices that produce
mechanical work by burning fuel in a small space. The fluid dynamics inside these

engines significantly determine their temperature, pressure, and velocity. Figure 3.2

Geometry Creation [ DMesh Generation

|

Post-processing [+— Solving Governing |e«— FPre-processing

L 4

[ Modeler of IC' Engine

Results Interpretation and Analysis

Figure 3.2. Numerical analysis flowchart.
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3.3.1.1. Geometry Creation

With IC Engine Fluent, users may create complex 3D geometries for cylinders,
pistons, valves, and combustion chambers, among other engine components. The
correctness of the geometry modelling ensures the accuracy of the simulation results.
However, as illustrated in Figure 3.3, the combustion chamber's dimensions were
developed, considering previous research on crankshaft length, piston diameter, and

other variables.

TRUER52.00

TRUE R7.50

Figure 3.3. Internal combustion design.
Upon input, the internal combustion chamber model is converted into a geometry

suitable for simulation to derive results, as depicted in Figure 3.16, after the entry of

requisite data, as shown in Figure 3.4.
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Figure 3.4. Input manager
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Figure 3.5. IC engine domain.

Where parameters including crankshaft length 115 mm and minimum lift 0.2 mm are
entered directly, the inlet valve (IVC) is closed at 570 degrees, while the exhaust valve

(EVO) is opened at 833 degrees.
3.3.1.2. Mesh Generation

Structured hexahedral grids were chosen for this study due to their effectiveness in
handling complex geometries. ANSYS facilitates solid geometry mesh generation,
three-dimensional modelling, and IC engine simulations. The study utilized 2,062,218

cells, as shown in Figure 3.6 and Table 3.1.
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Figure 3.6 IC cylinder mesh generated.

The mesh must be independent to ensure accurate and reliable results, as shown in
Figures 3.6 and 3.7(Generative mesh). The process involved analyzing the differences
in the output as the number of elements changed and stopped once the results were

stable. In this study, an element size of 0.001 m was used.

CA717 CA 725 CA 740 CA761 CA 781 CA 800 CA830

Figure 3.7. CI engine domain and Mesh generated.
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Table 3.1. Mesh independence.

Case Element Node Max. temperature (K)
1 1405636 1711567 961
2 1612356 1967825 949
3 1805436 2056732 946
4 2062218 2256711 945

3.3.1.3. Physics Setup

ANSYS Fluent is often used for fluid flow simulations, which is relevant for IC engine
simulations. Set up the physics by specifying the appropriate boundary conditions,
material properties, and modelling assumptions. For an IC engine simulation, we must
define the fluid properties, combustion model, turbulence model, heat transfer, and

other relevant parameters, as shown in Figure 3.8.

Solution Type Combustion

Combustion Simulation Type Sectar

Initialize Flow Ve -
Set Default Models Ve -
Data Sampling Ve -
Auto Save Type Crank Angle d
Auto Save Freguency 30

Engine Speed{rpm) 1800

Mumber Of CA to Run 253

ICE Swirl Number 1.2

Figure 3.8. Physics setup.
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3.3.1.4. Boundary Conditions
Setting boundary conditions is essential to creating an accurate and realistic internal
combustion engine simulation using ANSYS Fluent. They are crucial in describing

how the engine interacts with its environment and behaves.

Table 3.2. Boundary conditions.

Name Type Value
ice-sector-top-faces Wall temperature 602 K
ice-piston Wall temperature 645 K
ice-cyl-piston Wall temperature 567 K
ice-cyl-chamber-top Wall temperature 567K
ice-cyl-chamber-bottom Wall temperature 567K

The engine speed will be changed from 1150, 1400, 1600, and 1800 RPM. Biodiesel
and Nanoparticle Al,O3 will also be added at 50, 100, and 150 ppm, depending on the
properties reviewed in tables 3.3, 3.4, and 3.5.

3.3.2. Fuel Properties
Table 3.3. Fuel properties.
Biodiesel
No. Property Unit Diesel Biodiesel
(D80B20)
1 Density at 15 °C g/cm? 0.823 0.8794 0.8325
Carbon Residue (on 10
2 % m/m 0.08 2.145 0.036
% Residue)
3 Flash point °C 62.5 Flammable Flammable
4 Pour point °C <-21 -3 -21
5 Cetane Index - 52.6 443 52.2
6 Calorific Value (Gross)  Kcal/Kg 10976 10774 10945
7 Calorific Value (Net)  Kcal/Kg 10288.6 10129 10262
8 Viscosity @ 40 °C Mm?/s 2.16 7.6 8
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Table 3.4. ALLO3 property.

NO Property ALOs
1 Density(g/cm?) 3.97
2 Assay % 99.5 %
3 Grain size(nm) 50
4 Color White
5 Melting point 2040
6 Molar weight(g/mol) 101.96
7 CAS Number 1344-28-1

Table 3.5. Calorific value of the sample.

Sp.
Density Calorific Calorific
NO S 1 @ 15 p lue(Kcal/Kg) lue(Kcal/Kg) Cetane
. ample value(Kca value(Kca
@15.6 8 8 Index
°C Net Gross
°C
3 D80B20N50(AL-0s)  0.8315 0.8319 10265.5 10946.679 52.4
6  DSO0B20N100(AL.Os) 0.8318 0.8322 10264.7 10945.63 52.7
7  D80B20N150(AL.0s) 0.8326 0.8330 10262.5 10942.833 52.9

3.3.3. Combustion Modelling

Continuity equation:

V-V=0 (3.1)

Momentum equation:

<l

0

+V-WW= %(—VP + V2V + pgB(T — Tref)) +S, (3.2)

Q
-+
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Energy equation:

Ohgens Ohy, = k
= A Ve (Vhgens ) = V- (E Vhgens ) (3.3)

In CFD simulations, sparks are often blurred due to their relatively small initial size
relative to the grid cell size. Modelling ignition by burning a few cells near the spark
location can introduce significant grid and time step sensitivity, as it introduces
inaccuracies in flame velocity and flame brush propagation due to insufficient spatial
and temporal resolution. However, ignition may occur prematurely when the initial

spark size is smaller than the grid cell.

ANSYS IC Engine Fluent calculates a sub-grid equation for spark evolution to reduce
this sensitivity. The spark's flame front is assumed to be an infinitely thin, perfectly

spherical shape, with its radius (r) expanding over time, t,

dr _ p_u
ar = ppot (3.4)

Here, p;, represents the density of the burned fluid behind the flame, s;denotes the
turbulent flame speed, and py refers to the density of the unburned fluid ahead of the

flame front.

The sub-grid spark model is mapped onto the CFD grid using a representative volume
of CFD cells. A fixed-diameter spherical container determines the local turbulent
length scale at the spark location. To ensure an appropriate size that is neither
excessively large relative to the combustor nor too small in comparison to the cell size,

the radius of the representative sphere, 13, is calculated as follows,
. (1
7 = max (ro + 34,3 1y, min (Elt’ Ty + 1OA)) (3.5

Where [, is the turbulent length scale, and 1y is the initial spark radius that the user

specifies.
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It is also important to note that the provided time only determines the rate of spark
energy input and when this input ceases to occur. At this point, Ansys Fluent disables
the spark flame speed model and applies the flame speed model selected in the Species
dialog box to simulate flame propagation throughout the domain. The temperature and
species composition of the usual spherical volume, denoted by, are calculated as

follows:

@ =ce’+ (1 —c)p* (3.6)

where @* is the unburned composition and ¢? is the equilibrium burnt composition.

These musical arrangements are constant in time and consistent in space.

Spark energy is unnecessary to ignite the mixture because the thermo-chemical
condition behind the spark flame front is quickly equilibrated as the spark propagates.
Every combustion model begins with the burned temperature as the equilibrium
temperature and the spark energy set to zero. On the other hand, the equilibrium
temperature will be higher if the temperature behind the spark is altered to a positive

value through the user interface.

Using the Turbulent Curvature model, the turbulent flame speed is calculated as

follows:

2D;

2D
S, = max (5, -2 5.(r) - T) (3.7)

Here, S; presents the turbulent flame speed, representing how fast the flame propagates
through a turbulent medium, S; illustrates the laminar flame speed, which is the flame
propagation speed in a quiescent (non-turbulent) gas. D and Dy represent diffusion
coefficients, with D likely for molecular diffusion and D for turbulent diffusion; r is
the radius or local radius of curvature of the flame front; and S;(r) reveals to a radius-

dependent turbulent flame speed from a local or previously computed profile.
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The turbulent flame speed is determined using the Turbulent Length model as follows:
S; = max(5;S:(r)) (3.8)

In other words, the Turbulent Length model disregards how flame curvature influences
flame speed. The Herweg and Maly model is used to compute the turbulent flame

velocity.

1 1

5, = max (sl,sl (10 () - exp (<D [1 - exo (- E9) (gf)) (3.9)

Where, I, It is a function of the influence of strain on the laminar burning velocity.

= max (01— (2 (2) - 282) 310

and

t = current time

to = start time

u = turbulent velocity scale
%_u+&

D
6 = laminar flame thickness = 5
i

3.3.4. Ansys Package

The stream conditions are addressed by utilizing two modules:
e The pre-processor module is the crucial component; it is a program structure
that creates the matrix and calculation as shown in the accompanying:
e  Modelling of calculation.
e  Mesh number.

e Boundary condition.
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e The second module is the Solution module, for settling Navier-Stokes
conditions (which incorporates flow rate, force, and energy conditions), as well

as the violent stream model.

3.3.5. Problem Solution

The volume of the control depends on the technique that comprises the accompanying
advances, which can be utilized for arrangement:
e  On the field, a network is established.
e Each control volume of the administering conditions is combined to create
mathematical sets of conditions such as pressure, velocity, and preserved

scalars.

e The Discretized Equations are linearized and tackled iteratively.
3.3.6. Solution Parameters
The solution parameters include the following:
3.3.6.1. Precision Solver Type
Typically, single- and two-fold methods are used to find accurate solutions. As the
arrangement merges, residuals would go to zero on a PC with infinite accuracy. The
residuals of a real PC deteriorate to a point of little value ("adjust") and then change
("level out").
3.3.6.2. Number of Iterations
This is the maximum number of iterations completed before the solver ends. Figure

3.9 illustrates the location of the two processors that will be connected for simulation

purposes.
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Figure 3.9. Flow chart of CFD.

3.3.7. Convergence Criteria

It should be emphasized that the flow conditions of the internal combustion process
parameters are regulated according to the CFD approach to ensure proper recognition
and simulation. When the order of the materials involved in the reaction remains within
the accuracy of the specified mixing models, a complete simulation is obtained without
errors. The error residuals, which compare the positive aspects of a variable at two
continuous concentrations, are considered. For all flow conditions mentioned
previously, the ranking is assumed to be uniform when the error percentage is less than

the outcome difference value of 107,

3.3.8. Theoretical Calculation of Engine Parameters.

Several factors affect internal combustion engines, including combustion chamber
design, cetane number, fuel, injection timing, compression ratio, adding biodiesel, and
improving fuel quality. All of these factors affect engine performance. Here, we can
improve engine performance by reducing the amount of fuel and adding biodiesel to
pure fuel, as this affects combustion efficiency, emissions, and cetane number, to reach
peak brake thermal efficiency at all loads for a mixture of conventional fuel and

biodiesel.
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3.3.8.1. Brake Power

The braking power is measured using a diameter, and the braking power is calculated

using this equation [6]:

2nNT
60.000

BP = (3.11)
So that:

BP is the braking power (KW)

N is the spinning speed (rpm)

T is the torque (Nm)

3.3.8.2. Brake Thermal Efficiency

Thermal efficiency is the ratio of braking power to the energy available due to fuel
combustion. There are two definitions of thermal efficiency, one is based on the
graphical power, called thermal efficiency, and the other is inferred from braking

capacity and is called braking thermal efficiency.

The braking thermal efficiency is calculated through the following equation[117,118]:

BP

Mbth =y (3.12)

Where:

Npen is the thermal efficiency (%)
LCV is the thermal value (KJ/Kg)
Where: -

BPnu=T*@

TNU = Ft()ta] *I‘ (3.13)

Fiotat =FL + F1

56



Where the force acting on the piston is due to fuel pressure

Fi=p*== (3.14)

cosZG)

Fi= Mg * GD? *r* (cosze —— (3.15)

These marks can be used when the piston moves inside the cylinder from top dead

center to the bottom dead center, and are symbolized by (TDC, BDC):

Ip Piston

v

Piston pin

FN_. P ‘j' ‘_,_._.-_._.___,_.-—-""'-'_
\:tfl; - Connecting rod '1}
o
%
L i f"f W -
) Fpy < F
Top dead '
centre (T.D.C) —®& .
i a C-w4— Crank pin
e~ Crank Ly
0 Fry
Bottom dead _ . :/
centre (B.1D.C) ©0

Figure 3.10. presents the force acting on the piston when the piston moves inside the
cylinder from top dead center to bottom dead center, (TDC from BTC) and
the theoretical calculations.
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PART 4

EXPERIMENTAL WORK

4.1. OVERVIEW

This experiment was conducted at Al-Musayyab Technical Institute, one of the
formations of Al-Frat Middle Technical University. It is located 67 km south of
Baghdad, equipped with a four-stroke engine, and runs on pure diesel fuel as its main
fuel. A mixture of ammonium trioxide with pure diesel fuel at different ratios (50, 100,
150) ppm was used with (B20%) biodiesel, and the engine was operated at different
speeds (1150, 1400, 1600, and 1800) and constant loads (40) Newton. Performance
effects on engine brake consumption, noise intensity, friction force, exhaust gas
temperature, carbon monoxide, carbon dioxide, and nitrogen oxides were studied. And

also smoke.

4.2. EXPERIMENTAL IMPLEMENTATION

4.2.1. Compression Ignition Engine

Figure 4.1 shows the experimental computational model of a four-stroke, four-cylinder
CI engine. The base engine used in the experiment was a four-stroke, four-cylinder

engine (8041 140, direct injection), with the exact specifications shown in Table 4.1.
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Table 4.1. Technical qualifications of the test engine.

Model 8041 140

Type DI, 4 cylinder, diesel natural aspirated
Combustion types Direct injection

Bore x stroke 104 mm x 115 mm

Cylinder Number 4

Compression ratio 17.1

Maximum speed 2940 RPM

Maximum torque 266 Nm/2300 RPM
Stand-by(Maximum) rating 64 kW(87HP)/2940 RPM
Flywheel & Has SAE/11.5

Dry weights 415 Kg

Dimension L*W*H 1094 * 680*885mm

Fuel consumption 296 g/kw.h(198g/HP.h)/2940 r.p.m
Displacement 39it

AR A B R AR AR AT T TR LT TR ST

e -

Figure 4.1. Engine tests
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Figure 4.2. Experimental setup

4.2.2. Preparation for Fuel Samples

4.2.2.1. Diesel and Biodiesel Fuel

Diesel fuel is used to operate internal combustion engines and is a complex mixture of
hydrocarbons (paraffin, naphthalene, and aromatics) obtained from crude oil, with the
molecular formula (Ci2H23). Its refining method also consists of hydrocarbon
compounds and lubricating oils. Good fuel has three main characteristics: ease of
transportation, storage, smoothness, ignition efficiency, and continuity of cleanliness
during ignition. Diesel fuel is more thermally efficient and is used in various
applications, including heavy machinery, freight vehicles, ships, and agricultural
equipment. The physical properties of pure diesel are shown in Table 3.1. Here, the
fuel was purchased from Babel Petroleum Products Company. There are types of
biofuels whose fuel was manufactured in a laboratory experiment using 20% water
hyacinth at the Musayyib Institute. Mixing with 80% pure diesel fuel and four
conventional fuels, as shown in Figure 4.3. The pure fuel and biofuel (from water
hyacinth) were mixed with three different concentrations of ammonium trioxide. It
was also purchased from the local market, and its concentration is 50, 100, and 150

ppm, respectively, of ammonium trioxide AL>O3, as shown in Table 4.2.
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Figure 4.3. Diesel with biodiesels

Because of growing environmental concerns and the depletion of global petroleum
sources, alternative fuels have garnered a lot of attention. An appealing processed
vegetable oil substitute for use as fuel in compression ignition engines is biodiesel.
Crude oil and petroleum products will become extremely rare and expensive to locate
and produce at some point in the twenty-first century. There will probably be a rise in
cars and other internal combustion engine numbers concurrently. Even if engine fuel
efficiency has significantly increased over the years and will continue to rise, the
number alone indicates that fuel demand will be high in the upcoming ten years.
Biodiesel is a component of the biofuel idea, which is an essential contraction of bio-
organic fuel. This is the scientific term for any material that burns, be it plant or animal.
Renewable liquid fuels derived from plant matter as opposed to fossil fuels are called

biofuels. Ethanol and biodiesel are the two main biofuels used today.

The usage of biofuels can lessen reliance on imported oil, greenhouse gas
accumulation, and emissions of air toxics. The aquatic freshwater plant known as water
hyacinth colonizes bodies of water and offers a variety of benefits and drawbacks for
both users and the bodies of water. It impairs fishing, marine transportation, and
irrigation systems by blocking water intakes, which results in severe damage and a
negative impact on water resources. Additionally, it makes the water less light and
oxygenated, alters its chemistry, impacts the life of plants and animals, increases water
loss by transpiration, and threatens biodiversity. However, the plant is thought to be
an excellent source of feedstock for the synthesis of biofuels since it has high levels of

hemicellulose (49%), moderate levels of cellulose (approximately 28%), and low
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levels of lignin (10%). Water hyacinths are also attractive for fuel generation because
of their high biomass yield and availability. Water hyacinth has been used to produce
a variety of biofuels, including direct combustion, biogas, biodiesel, bioethanol,

bioethanol gel, biochars, and other possible non-energy uses.

The B20 found in water hyacinth, scientifically known as Eichhornia crassipes, is the
primary subject of this investigation. This study will combine nano additives into a
biodiesel-diesel blend (D80B20), which has better density, carbon residue, flash point,

and calorific value than plain diesel. Table 4.2 enumerates the specifications of the

three blends.
Table 4.2. The physical properties of Biodiesel blend.
Biodiesel
No. Property Unit Diesel Biodiesel
(D80B20)
1 Density at 15 °C g/em? 0.823 0.8794 0.8325
2 Carbon Residue (on 10 % o4 m/m 0.08 2.145 0.036
Residue)
3 Flash point ic 62.5 Flammable Flammable
4 Pour point °C <-21 -3 -21
5 Cetane Index - 52.6 44.3 52.2
6  Calorific Value (Gross)  Kcal/Kg 10976 10774 10945
7 Calorific Value ( Net ) Kcal/Kg 10288.6 10129 10262
8  Viscosity @ 40 °C Mm?/s 2.16 7.6 8

Table 4.3. Biodiesel blend

Biodiesel
No. Prperty Unit
(D80B20)
1 Density at 15 °C g/em? 0.8325
Carbon Residue (on 10 %
2 % m/m 0.036
Residue)
3 Flash point °C Flammable
4 Pour point °C -21
5 Cetane Index - 522
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6 Calorific Value ( Gross ) Kcal/Kg 10945

7 Calorific Value ( Net) Kcal/Kg 10262

4.2.2.2. Nanoparticles Additive

Nanoparticles (a powder-based metal base) are added to the fuel to improve
performance. Physical properties, such as density, certain numbers, flash points, pour
points, and Calorific values, are also improved, and so are the thermal properties of
fuel. Nanoparticles used are Aluminum oxide nanoparticles (AL203), it was produced
in the United States of America and received from a special chemical agent in
Baghdad. As shown in Figure 3.2, the properties of the nanoparticles used are shown
in Table 4.4. Here, the nanomaterial was weighed by a sensitive electronic weighing

device, as shown in Figures 4.4a and b.

= * nasie = . e

(b)

Figure 4.4. (a) Nanoparticles, and (b) Electronic weighing device.
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Table 4.4. Properties of the nanoparticle AL2O;3

Properties

Chemical formula AlLO;

Molar mass 101.960 g.mol"!

Appearance white solid

Odor odorless

Density 3.987g/cm’

Melting point 2,072 °C (3,762 °F; 2,345 K)

Boiling point 2,977 °C (5,391 °F; 3,250 K) insoluble

Solubility in water insoluble

Solubility in all solvents

log P 0.31860

Magnetic susceptibility (X) -37.0x10° cm*/mol

Thermal conductivity 30 Wm' K!

Refractive index (np) n=1.768-1.772
n=1.760-1.763
Birefringence 0.008

The performance and emission parameters of the experimental diesel engine were
evaluated using these samples. All fuel samples' physical and chemical properties
under investigation (D8OB20N50, DSOB20N100, and DS80OB20N) were analyzed under
ASTM guidelines. The specific criteria and results for these evaluations are presented
in Table 4.4. Separate nano mixtures were prepared using a biodiesel blend of 80%
clean diesel and 20% biodiesel (D80 B20). Doses of AL.Os nanoparticles of 50, 100,
and 150 ppm were extracted from the biodiesel derived from the water hyacinth plant.
The mass fractions were determined using an ultrasonic instrument and an electric
mixer, as shown in the accompanying figure. At a dose of 50 ppm, the nanoparticles
were accurately measured. Ultrasound was also used to facilitate the uniform
distribution of nanoparticles throughout the biodiesel blends. A Model 504 processor,
operating at 50 kHz and 60 W output power, was used to generate biofuel-containing
nanoparticles (D80B20 + 50 ppm) for 30 min, thus ensuring the homogeneity of the

mixture. The same process was carried out for 100 ppm and 150 ppm mass fractions.
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All the fuel samples were evaluated for their physical and chemical properties, as

shown in Table 4.4.

To assess the stability properties of biodiesel, it is placed in test tubes and kept in a
controlled environment. Their identification remained unchanged for over a month
after profiling tests revealed it. Three nanoparticles are added to the biodiesel blend
during production to ensure optimal engine performance. In the experiment,
nanoparticles at different ratios (50, 100, 150) ppm were combined with pure diesel
and biodiesel (D80B20) as base fuel using biodiesel blends and testing performance

parameters. We can also see the water hyacinth oil as in Figure 4.5

Figure 4.5. Water hyacinth.

4.2.3. Ultrasound Measuring

Nanomaterials are mixed with fuel by ultrasound using a (power sonic 405) device
with technical specifications. Ultrasound was used for its great effectiveness in mixing
solutions well, as documented by sound. Collecting a sample from groups published

by seventeen sounds, as shown in Figure 4.6.
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Figure 4.6. Ultrasound process.

4.2.4. Experimental Measurement Setup

4.2.4.1. Engine Speed

Engine speed is measured electronically by the number of pulses and an optical head
directed to the rotating disk in the engine using an infrared transceiver. It also has a
rotating disc with two radial slots between the light source and the sensor. Electronic
processing: The engine speed is read to ensure the speed is accurate in the existing
device and also with a crankshaft, as shown in Figure 4.7 (a and b). The main

specifications of the digital tachometer employed are provided in Table 4.5.

(@) (b)

Figure 4.7. Engine speed measurement: (a) engine speed reader, (b) digital tachometer.

66



Table 4.5. Digital tachometer properties.

Range 5 to 9999RPM (+ 0.05%+1digit)
Resolution +0.1RPM (1RPM above 1000)
Power Supply 4*AA size batteries (not supplied)
Precision +1.75 RPM@1500

Size (HxWxD)3.7%19*7cm
Weight 250 g
manufacturing Made in China

4.2.4.2. Measurement Of Fuel Consumption

Figure 4.8 shows a glass burette with a marked tube and a fixed capacity of 200 mL
used to measure the engine's fuel consumption. A stopwatch measured how long it
took to consume so much fuel. Equation (4.4) was utilized to calculate fuel

consumption [17]:

— Vrxer
T tx106 (4.1)

Where: V7 is the volume of fuel consumption (m3), and pris the fuel density (kg/m3);

t is the time (sec).
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Figure 4.8. Fuel consumption measurement.

4.2.4.3. Measurement of Air Consumption

Using this air box to feed air into the engine intake manifold, as shown in Figure 4.9,
here, the air mass consumption rate is measured using the orifice device. The inclined
pressure gauge measures the pressure difference between the inside and outside of the
air box. The air intake orifice monitors the pressure difference between the atmosphere

and the intake pressure. Calculate the air mass flow rate using Equation (4.2).

My = 4784, |- (4.2)

a

where P, is the atmospheric pressure (mbar), T, is the temperature (K), h is the

manometer reading (mmH-0), and A4, is the area of the orifice (m?).
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Figure 4.9. Schematic diagram of the manometer of the test engine.

4.2.4.4. Measurement of Brake Torque

A water pump dynamometer was used to measure brake torque. It works on an
oscillating field. It also has enough capacity to absorb the maximum power produced
by the engine at all speeds and can run the engine. The mass balance connected to the

dynamometer of the water pump, as shown in Figure 4.10, determines the load applied

by the dynamometer.

Figure 4.10. The dynamometer.
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4.2.4.5. Exhaust Gas Temperature

There is a unit for measuring the temperature of the exhaust gases, where the exhaust
temperature is measured using a thermocouple. It is made of brass and is placed inside
the exhaust pipe near the engine cylinder block. The thermocouple is connected to a
coded system and communicates with the Chinese-made measuring unit, type
6675Max. Readings are displayed directly on the meter from 0 to 1000°C, as shown
in Figure 4.11.

Exhavst gas Eexhaust
temperature

g

Figure 4.11. Exhaust gas temperature.

4.2.4.6. Analyzer Gas Exhaust

The exhaust gases of a four-stroke and four-cylinder engine were analyzed using an
experimentally used exhaust gas analyzer, a Korean-made AIRREX, HG-540L, as
shown in the figure. The device is used to measure the density of vehicle exhaust
according to the technical specifications of the exhaust gas analysis device (CO,, CO,
HC, NOx). Exhaust gases were measured by placing the instrument tube inside the

pipe, as shown in Figure 4.12.
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Figure 4.12. The analyzer of the inside exhaust gas in our experiment.

4.3. ENGINE PERFORMANCE PARAMETERS

4.3.1. Brake Power

The braking power is measured using a diameter, and the braking power is calculated

using this equation:

2nNT
60.000

BP =

Where:

BP is the braking power (kW)
N is the spinning speed (rpm)
T is the torque (Nm)

4.3.2. Brake Specific Fuel Consumption

Sgf+*100%0.001

mef = %3600

Where:
m°f is the Brake specific fuel consumption (Kg/hr)
Sgfis the fuel specific gravity

71

(4.3)

(4.3)



Brake-specific fuel consumption is calculated by using the following equation:

me°f
BP

BSFC = (4.4)

Where:

BSFC is the Brake specific fuel consumption (Kg/kW.h)
m°f Is the Fuel consumption (Kg/hr)

BP is the Brake power (KW)

4.3.3. Break Specific Fuel Consumption

Fuel is provided through the 10-liter fuel tank above the metering unit, and the fuel
flows downward, as shown in Figure 4.13, and comes out through the tube size (200
ml). Then, the fuel consumption rate is determined using the time from the tube to the

engine[119].

Tank

[“Engine |
-
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Figure 4.13. Brake specific fuel consumption.
4.3.4. Brake Thermal Efficiency
Thermal efficiency is the ratio of braking power to the energy available due to fuel
combustion. There are two definitions of thermal efficiency: one is based on the

graphical power, called thermal efficiency, and the other is inferred from braking

capacity, which is called braking thermal efficiency.
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The braking thermal efficiency is calculated through the following equation:

BP
Moth = — v (4.5)

Where 71,5, 1s the thermal efficiency (%)
4.4. TEST SYSTEM

The test kit includes a gauge with a fuel consumption measuring tube, an engine speed
step gauge, an engine temperature gauge, an exhaust temperature gauge, and a
diameter load gauge. It also includes exhaust gases and opacity gauges, as shown in

Figure 4.2.
4.4.1. Practical Tests
Where was it conducted in this experiment?

e The oil and water levels in the internal combustion engine's radiator and fuel

delivery pipes are checked.
Using a load of 40 Nm.

Using traditional fuel, which is the basis for mixing with biodiesel, ensure there is no
air gap inside, and start the engine. It gradually increases the speed at low speeds until
it stabilizes at 1150 rpm. We wait until the engine temperature stabilizes at 35 degrees
Celsius. Then, we start by adding the first speed, 1150 rpm, to each load operation of

the engine for a full hour.

Four times, the engine temperature readings, exhaust gas temperature, pressure, and

temperature entering and leaving the engine were recorded.

Take these readings for each speed distributed as follows: the first 10 minutes, after

half an hour, and at the end of a full hour.
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We change the second speed to 1400 and repeat the same previous steps four times.

When the variable speed engine is finished running, we bring the fuel mixed with Nano

material at a certain concentration after emptying the tank and all the pipes and

connections and filling it with Nano fuel.

4.5. DATA COLLECTION

The experimental procedure used for a four-cylinder four-stroke diesel engine was

used on a mixture of biodiesel with nanomaterial (AL20O3) in different proportions (50,

100, 150 ppm, and the doses and different loads 40, 80, 120, 160, and 200 N.m were

changed to obtain the ideal results of the break power, fuel consumption rate, air mass

rate and fuel mass rate. as mentioned in Tables 4.6 and 4.7, respectively.

Table 4.6. Data collected for the effect of a mixture of biodiesel with nanomaterials

1150 rpm 1400 rpm 1600 rpm 1800 rpm
Fuel Ma Mf  Torque Ma Mf  Torque Ma Mf  Torque Ma Torque

kg/s kg/s N.m kg/s kg/s N.m kg/s kg/s N.m kg/s kg/s N.m

D100 0.746  0.503 40 0.76  0.688 40 0.867  0.800 40 0.944 0.851 40
D80B20 0.782 0510 80 0.817 0.612 80 0.883  0.832 80 0912 0.860 80
D80B20N50  0.80  0.522 120 0.782  0.742 120 0.867 0.815 120 0.927  0.880 120
D80B20N100 0.782  0.504 160 0.817 0.736 160 0.850  0.777 160 0.944  0.891 160
D80B20N150 0.764 0.594 200 0.800 0.756 200 0..883  0.858 200 0.967 0.897 200

Table 4.7. Data collected for the effect of a mixture of biodiesel with nanomaterials

D100 D80B20 D80B20NS50 D80B20N100 D80B20N150
load
40N.m 80 N.m 120 N.m 140 N.m 200 N.m
" BP PSFC BP PSFC BP PSFC BP PSFC BP PSFC
spee
P kw kg/kw.s kw kg/kw.s kw kg/kw.s kw kg/kw.s kw kg/kw.s
1150 4.81 0.104 9.62 0.053 6.69 0.075 7.53 0.066 24.07 0.024
1400 5.86 0.117 11.72 0.0435 1772 0.0223 23.4 0.021 29.30 0.0258
1600 6.69 0.120 13.39 0.062 20 0.040 26.79 0.029 33.43  0.00265
1800 7.535 0.125 15.2 0.065 22.6 0.0417  30.14 0.0306 37.68 0.0245
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4.6. UNCERTAINTY ANALYSIS

The error analysis in the experiments was required to determine the repeatability and
reproducibility of the findings. The experiment was performed three times, and the
fluctuations in performance, combustion characteristics, and exhaust emissions were
utilized to compute the uncertainty using the percent relative standard error (RSE), as

shown in Equation (4.6) [77].

RSE (%) = % x 100 (4.6)

Where E is the standard error, ¢ is the mean of the collected data. The standard error
is calculated using Equation (4.7).

Ese = (4.7)

il
Vn

Where y is the standard deviation, and » is the repeatable readings of performance,
combustion characteristics, and emissions parameters. Overall experimental

uncertainty, yx was calculated using Equation (4.8).

Yk = \/Vqlz + quz + - +an2 (4.8)

Where vk is the total uncertainty and yq1, Yq2, and yqn are the uncertainties of individual

parameters.

Table 4.8 comprehensively summarizes the measurement limits, instrument accuracy,
and associated uncertainties for various parameters measured in an engine-related
experimental setup. High uncertainty-to-accuracy ratios were observed, particularly
for temperature and gas concentration parameters, likely due to dynamic
environmental conditions. Mechanical parameters (torque, speed) have lower relative
uncertainties, indicating better control or calibration. BSFC stands out as having low
uncertainty compared to a relatively broad accuracy range. Parameters related to

emissions (CO, CO:, HC, NOx) generally show higher uncertainties due to the
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complexities in sampling and real-time analysis. The torque measurement in this
experiment has a defined limit of 200 Nm, with an instrument accuracy of +£0.25 Nm.
This indicates a high-precision measuring device capable of capturing small variations
in torque. However, the reported uncertainty is significantly larger at £0.76 Nm,
suggesting that the actual measured values may be influenced by factors beyond the
device’s intrinsic accuracy. The engine speed measurement is defined by a limit of
2000 rpm with an accuracy of =1 rpm, indicating a high degree of precision in the
instrument used. The uncertainty associated with this measurement is £1.21 rpm,
which is only slightly higher than the stated accuracy. On the other hand, the Brake
Specific Fuel Consumption (BSFC) measurement has a limit of 511 g/kWh with a
stated accuracy of £3.11 g/kWh. Interestingly, the uncertainty is significantly lower at
+0.88 g/kWh. The exhaust temperature measurement, with a limit of 350.7°C and an
accuracy of +0.33°C, demonstrates high instrument sensitivity. However, the
associated uncertainty is much larger at +3.11°C—nearly ten times the stated accuracy.
For carbon monoxide (CO), the measurement limit is 23 vol% with a very tight
accuracy of +£0.002 vol%. Despite this precision, the uncertainty stands at +1.44 vol%,
indicating significant variability. Similarly, the carbon dioxide (CO2) measurement,
with a limit of 14.9 vol% and an accuracy of +0.015 vol%, shows an uncertainty of
+1.1 vol%. This again highlights the challenge of achieving consistent and stable
readings in exhaust gas analysis. Hydrocarbons (HC) measurement in the exhaust is
capped at a limit of 73 ppm, with an accuracy of £1.5 ppm and an uncertainty of £2.88
ppm. This indicates a moderate level of uncertainty relative to the measurement range.
For NOx emissions, the measurement limit is 1005 ppm with an accuracy of =1 ppm
and an uncertainty of =1.63 ppm. This represents a relatively reliable measurement,
especially given the wide measurement range. The low uncertainty relative to the
overall limit makes this data suitable for emissions studies, where precise monitoring
of nitrogen oxides is critical for regulatory compliance and environmental impact
assessments. Finally, the overall experimental uncertainty is given as +£4.98. This value
is a composite reflection of all measurement tools and procedures used in the
experiment. It encompasses the cumulative effect of individual uncertainties from each
parameter and represents the potential deviation in the final experimental results. A

total uncertainty of +4.98 suggests a reasonably controlled setup.
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Table 4.8. The accuracies and uncertainties of the measured parameters.

Parameters Measurement Limit Accuracy Uncertainty
Torque 200 Nm +0.25 Nm +0.76
Engine speed 2000 rpm +1 rpm +1.21
BSFC 511 g/kWh +3.11 g/kWh +0.88
T exhaust 350.7°C +0.33°C +3.11
CoO 23 vol% +0.002 vol% +1.44
CO2 14.9 vol% +0.015 vol% +1.1
HC 73 ppm +1.5 ppm +2.88
NOx 1005 ppm +1 ppm +1.63
Overall experimental uncertainty +4.98
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PART 5

RESULTS AND DISCUSSION

5.1. INTRODUCTION

This chapter presents the experimental results obtained from tests conducted on an
Italian-made Fiat 8041140 diesel engine, a four-stroke, four-cylinder engine with a
compression ratio 17.1. The experiment aimed to evaluate the physical properties of
the fuel and assess engine performance under varying conditions. Detailed information
is provided regarding the fuel parameters used, the quantities applied during testing,

and the corresponding analytical methods.

The combustion process involved using 100% pure diesel fuel blended with 20%
biofuel, tested under varying loads (100 and 200) and speeds up to 1800 rpm.
Additionally, aluminum oxide (Al2Os) nanoparticles were introduced at concentrations
of 50, 100, and 150 ppm to examine their effect on engine behavior. The resulting
exhaust emissions, namely NOy, HC, CO, and CO., were measured and analyzed to

assess the environmental impact and efficiency of the fuel blends.

5.2. EXPERIMENT RESULTS

5.2.1. Performance of Diesel Engines

5.2.1.1. Effect of Biodiesel Blends

Figure 5.1 illustrates the variation in Brake Specific Fuel Consumption (BSFC) with
respect to engine load at a constant speed of 1800 rpm for two fuel types: pure diesel
(D100) and a biodiesel blend consisting of 80% diesel and 20% biodiesel (D80B20).
The findings present that while D80B20 is a cleaner alternative fuel, its higher BSFC
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values highlight a trade-off between fuel economy and environmental sustainability,
especially at medium to high engine loads. The figure shows that BSFC decreases
progressively as the engine load increases for both fuel types. However, throughout all
load conditions, the BSFC of the D80B20 blend remains consistently higher than that
of pure diesel (D100). The difference is more pronounced at lower and medium load
conditions (e.g., 20% to 60% load), where the biodiesel blend exhibits higher fuel
consumption per unit of energy produced. At higher engine loads (above 80%), the
difference between D100 and D80B20 narrows, though D80B20 still records slightly
higher BSFC.
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Figure 5.1. Variation of brake specific fuel consumption (BSFC) with engine load for
diesel and biodiesel blends (D100, D80B20) at 1800 rpm.

Figure 5.2 illustrates the variation of Brake Thermal Efficiency (BTE) with respect to
engine load for two fuels: conventional diesel (D100) and a biodiesel blend consisting
of 80% diesel and 20% biodiesel (D80B20), tested at a constant engine speed of 1800
rpm. These results are consistent with previous research findings [120], which indicate
that blending diesel with 20% biodiesel not only improves the combustion process but
can also offset the disadvantages of biodiesel’s lower calorific value at higher loads.

The findings show that while D100 demonstrates marginally higher BTE at low loads
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due to its superior combustion properties under light demand, D80B20 delivers
comparable, and even superior, thermal efficiency under medium and high-load
conditions. As observed, BTE increases progressively with engine load for both fuels,
rising from approximately 16% at 10% load to around 28% at 100% load. At low loads,
a significant portion of the fuel energy is lost as heat to the cylinder walls or through
incomplete combustion, resulting in lower thermal efficiency. At 10% load, the BTE
for D100 is approximately 16.5%, while D80B20 records a lower value of 15.5%,
indicating that pure diesel performs slightly better under light load conditions. At 40%
load, both fuels converge at nearly 22% BTE, suggesting similar combustion
characteristics at this intermediate range. Beyond 60% load, the biodiesel blend
(D80B20) begins to outperform pure diesel. For instance, at 80% load, D100 achieves
a BTE of 26.5%, while D80B20 reaches 27.5%. Similarly, at full load (100%), D100
peaks at around 28%, while D80B20 slightly exceeds it at approximately 28.5%.
Moreover, biodiesel's better lubricating properties may contribute to reducing

mechanical losses, especially under heavy engine operation.
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Figure 5.2. Effect of engine load on brake thermal efficiency (BTE) using diesel and
20% biodiesel blend (D100, D80B20) at 1800 rpm.
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Figure 5.3 illustrates the variation in maximum exhaust gas temperature (in Kelvin) as
a function of engine load for two fuel types: pure diesel (D100) and a biodiesel blend
(D80B20, referred to as B20). The engine loads are 40, 60, and 90 N-m. The figure
confirms that D100 yields higher exhaust gas temperatures than D80B20 across all
load conditions. The temperature difference diminishes at high loads, as combustion
efficiency improves for both fuels. The maximum temperature rise with load is a direct
result of increased chemical energy released and the greater need for power output
from the engine. At each load level, the exhaust temperature for D100 is consistently
higher than that of D80B20, indicating differences in combustion characteristics
between the two fuels. At 40 N-m, the temperature for D100 is approximately 315 K,
whereas for B20, it is around 290 K—a difference of nearly 8%. This gap decreases
slightly at higher loads: at 60 N-m, D100 reaches around 350 K compared to 330 K
for B20; and at 90 N-m, D100 shows 375 K, while B20 records 365 K, narrowing the
difference to approximately 3%, as noted. This pattern is consistent with findings in
prior studies [121], where biodiesel blends generally produced lower exhaust
temperatures at low and medium loads due to incomplete combustion and slower

ignition delays.
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Figure 5.3. Comparison of exhaust gas temperature at varying engine loads for diesel
and biodiesel blends (D100, D80B20).
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Figure 5.4 presents the variation of Brake Specific Fuel Consumption (BSFC) with
engine speed for two types of fuel: pure diesel (D100) and a biodiesel blend consisting
of 80% diesel and 20% biodiesel (D80B20) over a speed range from 1100 rpm to 1800
rpm under no-load conditions. The results show that D80B20 shows higher BSFC
across all speeds, indicating lower fuel efficiency than D100. The BSFC gap decreases
with speed, particularly at 1800 rpm, where both fuels show nearly identical
performance. Also, these results support the use of biodiesel blends in high-speed,
light-load applications where their efficiency is comparable to diesel. At the lower end
of the speed spectrum (1100 rpm), the BSFC values are approximately 0.21 kg/kWh
for D80B20 and 0.185 kg/kWh for D100, indicating that the biodiesel blend requires
more fuel to produce the same unit of power at low speeds. This trend persists through
intermediate speeds, where D80B20 maintains a consistently higher BSFC than pure
diesel. For example, at 1300 rpm, the BSFC for D100 is about 0.17 kg/kWh, while
D80B20 records roughly 0.195 kg/kWh. As engine speed rises, the BSFC for both
fuels follows a U-shaped curve, initially decreasing and then increasing again after
reaching the optimal combustion speed. The lowest BSFC for D100 appears near
1300-1400 rpm, while D80B20’s minimum occurs slightly earlier but remains
consistently higher. At the maximum tested speed of 1800 rpm, the BSFC values for
both fuels begin to converge. At this point, D100 reaches about 0.225 kg/kWh, while
D80B20 closely follows at 0.23 kg/kWh. The gap narrows to just 0.005 kg/kWh, or
about 2.2%. This observation aligns with findings from the literature [122], which
suggest that the combustion efficiency of biodiesel blends improves with increasing

engine speed, thereby reducing the efficiency gap compared to diesel.
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Figure 5.4. Effect of engine speed on brake specific fuel consumption (BSFC) for
diesel and biodiesel blend (D100, D80B20) under No-Load conditions.

Figure 5.5 displays the variation of BTE with engine speed for pure diesel (D100) and
a biodiesel blend containing 20% biodiesel (D80B20), under no-load conditions. The
data demonstrates that BTE improves both fuels with engine speed. D80B20
consistently shows higher BTE values, peaking at 29% at 1800 rpm, the highest in the
test range. As engine speed increases from 1100 rpm to 1800 rpm, both fuels steadily
increase BTE, indicating enhanced combustion efficiency and improved engine
operating conditions. At the lower speed of 1100 rpm, D100 records a BTE of
approximately 18.5%, while D80B20 begins slightly higher at 19.3%. For instance, at
1300 rpm, BTE values are about 23.5% for D80B20 and 23% for D100. At 1500 rpm,
D80B20 reaches 26%, while D100 is at around 25%. Finally, at 1800 rpm, D80B20
achieves the maximum observed BTE of 29%, compared to 28% for D100. This
performance advantage is attributed to biodiesel's faster burning and enhanced
evaporation characteristics due to its intrinsic oxygen content. Moreover, the slightly
higher cetane number of biodiesels contributes to shorter ignition delay, enabling
better pressure development within the cylinder and increasing thermal efficiency.
These factors combined to allow D80B20 to outperform D100 even at high speeds,
which aligns with previously published experimental findings [123].
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Figure 5.5. Influence of engine speed on brake thermal efficiency (BTE) for diesel and
biodiesel blend (D100, D80B20) under no-load conditions.

Figure 5.6 illustrates the variation in volumetric efficiency as a function of engine
speed for pure diesel (D100) and a biodiesel blend with 20% biodiesel (D80B20). The
graph shows that volumetric efficiency decreases with increasing engine speed for
both fuel types. This decline is typical in naturally aspirated engines, where higher
speeds reduce the available time for the intake process, thus limiting the amount of air
that can enter the combustion chamber. Across all engine speeds, D100 consistently
maintains higher volumetric efficiency compared to the biodiesel blend. The average
difference ranges from 2% to 3%, which can be attributed to the higher density and
viscosity of biodiesel, which can alter the air—fuel mixing dynamics. Also, it is possible
that incomplete vaporization of biodiesel at lower cylinder temperatures slightly
hinders intake air movement. Reduced intake air temperature with diesel-only fuel
leads to denser charge and better cylinder filling than biodiesel blends, which may
increase intake temperatures due to their oxygen content and fuel spray characteristics.
At the lowest tested speed of 1100 rpm, D100 exhibits a volumetric efficiency of
approximately 74%, whereas D80B20 starts slightly lower at around 71.8%. As speed
increases to 1400 rpm, volumetric efficiency drops to about 71.5% for D100 and 68%
for D80B20. At the highest speed of 1800 rpm, D100 records about 66.8%, while
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D80B20 falls further to around 65.5%. These findings are consistent with prior studies
[121], showing that engine speed negatively affects volumetric efficiency for diesel

and biodiesel blends.
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Figure 5.6. Effect of engine speed on volumetric efficiency for diesel and biodiesel
blend (D100, D80B20).

Figure 5.7 demonstrates the variation of exhaust gas temperature with respect to engine
speed for two fuel types: pure diesel (D100) and a biodiesel blend containing 20%
biodiesel (D80B20). At low engine speeds, the exhaust temperature is lower for both
fuels, with D100 slightly exceeding D80B20. For example, at 1150 rpm, the exhaust
temperature for D100 is approximately 225 K, while B20 records around 215 K,
representing a difference of about 2—3%. By 1400 rpm, D100 reaches around 240 K
and B20 approximately 235 K. At 1600 rpm, both temperatures rise further to 260 K
for D100 and 255 K for B20, and at the maximum speed of 1800 rpm, D100 peaks
near 355 K, while B20 follows closely at about 348 K. The consistently higher exhaust
temperature for D100 can be attributed to its lower cetane number and slower
combustion characteristics, while biodiesel has a higher cetane number, promoting
earlier and more complete combustion, resulting in slightly lower exhaust

temperatures. The temperature gap between D100 and D80B20 remains small
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(approximately 2%), even at high speeds, suggesting that biodiesel blends can achieve

similar thermal behavior to pure diesel.
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Figure 5.7. Effect of engine speed on exhaust gas temperature for diesel and biodiesel
blends (D100, D80B20).

5.2.1.2. Effect of AL203 Nanoparticle Blends

Figure 5.8 illustrates the variation in BSFC as a function of engine load (% for five
different fuel types: Pure diesel (D100), Biodiesel blend (D80B20), and biodiesel
blends enhanced with nano-additives at different concentrations: D80B20NS5O0,
D80B20N100, and DSOB20N150. All fuel types show improved BSFC at higher loads.
D100 remains the most efficient, but biodiesel blends with nanoparticles perform
increasingly well under high-load conditions. These trends affirm the potential of
nano-additive technology in narrowing the efficiency gap between diesel and
renewable fuel alternatives. Across all tested fuels, BSFC exhibits a general decreasing
trend as engine load increases, starting from around 0.50 kg/kWh at 10% load and
declining to nearly 0.22 kg/kWh at 90% load. Pure diesel (D100) consistently
demonstrates the lowest BSFC values across all load levels, indicating superior
combustion characteristics. For example, at 40% load, D100 shows a BSFC of
approximately 0.37 kg/kWh, whereas D80B20 and the nano-enhanced blends
(especially D80B20N50 and D80B20N100) exhibit slightly higher values ranging
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from 0.39 to 0.41 kg/kWh. The higher BSFC of biodiesel and nano-additive blends
compared to D100 can be attributed to the higher density and viscosity, which affect
atomization quality and mixing with air, and Lower calorific value, meaning more fuel
mass is needed to produce the same energy output. At high engine loads (above 70%),
the gap in BSFC narrows. For instance, at 90% load, D100 and D80B20N150 both
reach BSFC values around 0.22—-0.23 kg/kWh.
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Figure 5.8. Effect of engine load on brake specific fuel consumption (BSFC) for diesel
and Dbiodiesel-nanoparticle blends (D100, D80B20, D80B20NS50,
D80B20N100, D80B20N150).

Figure 5.9 illustrates the BTE performance of various fuel samples, D100, D80B20,
and biodiesel blends with AL>Os; nanoparticles (DS8OB20N50, D80B20N100,
D80B20N150), across increasing engine loads, from 0% to 100%. The findings present
that the BTE improves steadily with load across all samples. D80B20 without
nanoparticles shows the highest efficiency. Higher nanoparticle doses reduce BTE at
full load, likely due to increased viscosity and reduced effective energy content. Across
all fuels, BTE increases with engine load, peaking between 28% and 29% near full
load. Higher loads lead to more complete combustion, improved pressure

development, and higher thermal energy utilization due to reduced frictional and heat
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losses relative to output power. Among the fuel blends, D80B20 consistently exhibits
the highest BTE, outperforming D100 at all load levels. For instance, at 40% load,
D80B20 achieves ~22.5% BTE compared to ~21.5% for D100. At 80-90% load,
D80B20 peaks at ~28.5%, while D100 levels around 27.8%. The improved
performance of D80B20 is attributed to the Oxygen content in biodiesel, which
enhances combustion, and a higher cetane number, reducing ignition delay and
improving pressure rise. In contrast, the blends containing AL,Os; nanoparticles
(especially D80B20N150) show slightly lower BTE, particularly at high load. For
example, D8OB20N150 reaches only about 27% at full load. This decline in
performance may be linked to increased fuel viscosity and density due to high
nanoparticle concentration, and reduced volumetric heating value, leading to
incomplete combustion or lower thermal release. These findings highlight that
moderate nanoparticle addition (e.g., DSOB20N50) shows acceptable performance, but
excessive loading (like D80B20N150) can hinder thermal efficiency due to

deteriorating spray characteristics and fuel-air mixing quality.
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Figure 5.9. Brake thermal efficiency (BTE) variation with engine load for diesel,
biodiesel, and nanoparticle-enhanced blends (D100, D80B20,
D80B20N50, DSOB20N100, D80B20N150).

Figure 5.10 presents the maximum exhaust gas temperature (in Kelvin) measured at

three engine loads (40, 60, and 90 N-m) for various fuel blends: D100 (pure diesel),
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D80B20 (80% diesel, 20% biodiesel), and B20A50, B20A100, B20A150 (biodiesel
blends with 50, 100, and 150 ppm AL,O; nanoparticles, respectively). Exhaust
temperature increases with load for all fuel blends. Pure diesel exhibits the highest
exhaust temperatures, followed by D80B20. Nanoparticle addition lowers exhaust
temperatures, with the largest drop seen in B20A150. This is due to lower volumetric
heat release and combustion phase changes, especially under heavy load conditions.
Across all fuel samples, the exhaust temperature increases with engine load, as higher
loads demand greater energy input from fuel-air mixtures. This increases combustion
pressures and in-cylinder temperatures, increasing heat release into the exhaust. At 40
N-m, pure diesel (D100) exhibits the highest exhaust temperature, approximately 312
K, while B20A150 shows the lowest at around 255 K, a difference of nearly 7%. This
trend continues across 60 and 90 N-m loads, with all biodiesel and nano-blend samples
consistently showing lower exhaust temperatures than D100. This reduction in
temperature for biodiesel blends is attributed to the lower calorific value of biodiesel,
which leads to less heat release during combustion, and higher oxygen content, which
supports more complete combustion but at lower peak temperatures. The presence of
AL,O; nanoparticles alters combustion dynamics by promoting faster and earlier heat
release, shifting the combustion phase, and reducing peak exhaust gas temperatures.
Despite reducing exhaust temperature, the early heat release induced by nanoparticles
(especially B20A50 and B20A100) helps improve combustion efficiency. However,
as nanoparticle concentration increases (e.g., in B20A150), fuel viscosity and mixture
density rise, which may hinder atomization and delay combustion, thus affecting the
thermal balance. At high engine loads (90 N-m), D100 reaches approximately 375 K.
B20A150 stays around 348 K. This confirms the ~7% difference in thermal output, as
noted in prior findings [124].
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Figure 5.10. Effect of load on exhaust gas temperature for diesel, biodiesel, and

nanoparticle-enhanced blends (D100, D80B20, B20A50, B20A100,
B20A150).

Figure 5.11 illustrates the variation in BSFC (in kg/kWh) for various fuel blends—
D100, D80B20, and biodiesel-nanoparticle combinations (D80B20NS50,
D80B20N100, D80B20N150), across engine speeds from 1150 to 1800 rpm.
Nanoparticle addition generally reduces BSFC, especially at higher rpm.
D80B20N150 exhibits the best fuel economy at high speeds, even outperforming pure
diesel at 1800 rpm. D80B20 alone consumes slightly more fuel than diesel, but still
benefits from catalytic combustion. These findings confirm the role of fuel structure
and nano-enhancement in optimizing combustion, as supported by [125]. In general,
BSFC increases with engine speed for all blends, which is expected due to the higher
frictional and pumping losses at elevated rpm and the relatively lower combustion
efficiency at high speeds. However, the extent of this increase varies depending on the
blend composition. Pure diesel (D100) consistently demonstrates the lowest BSFC
across the mid-speed range (e.g., 1250-1600 rpm), reaching a minimum value of
around 0.18 kg/kWh at 1250 rpm. D80B20 shows slightly higher fuel consumption
than D100 due to its lower calorific value and higher viscosity, which affects

atomization and combustion speed. DSOB20N50 and D80B20N100 initially have
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higher BSFC than D100, especially at lower speeds. For instance, at 1150 rpm,
D80B20N50 records BSFC ~0.215 kg/kWh compared to D100 at ~0.19 kg/kWh.
However, as speed increases, D80B20N150 demonstrates better performance, with
BSFC values around 0.21 kg/kWh at 1800 rpm, lower than D100, indicating the
positive effect of Al,O3 nanoparticles at higher loads and speeds. The reduction in
BSFC for D80B20N150 is due to enhanced oxidation properties promoted by the
catalytic action of nanoparticles and improved heat transfer and combustion
homogeneity, which reduce fuel wastage. On the other hand, the relatively high BSFC
for DS8OB20N50 at low-to-mid speeds may stem from insufficient nanoparticle
concentration to fully benefit combustion. At the same time, D80B20N100 shows

intermediate behavior, improving with rpm but not outperforming diesel.
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Figure 5.11. Effect of engine speed on brake specific fuel consumption (BSFC) for
diesel, biodiesel, and nanoparticle-enriched blends (D100, D80B20,
D80B20N50, DSOB20N100, D80B20N150).

Figure 5.12 shows the Brake Thermal Efficiency (BTE) of five different fuel
samples—D100, D80B20, and D80B20 blended with Al,O3; nanoparticles at 50, 100,
and 150 ppm (N50, N100, N150), across increasing engine speeds from 1150 to 1800
rpm, under no-load conditions. The graph shows that BTE increases progressively with

engine speed for all blends. D80B20N150 achieves the highest BTE (30%),
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outperforming D100 by ~3%. These results confirm the viability of nanoparticle-
enhanced biodiesel in improving engine thermal performance, especially at higher
speeds. At 1150 rpm, BTE values range from 18.5% for D100 up to ~23% for
D80OB20N150. At 1800 rpm, the values rise to ~27% for D100 and 30% for
D80B20N150, marking the highest thermal efficiency observed across all conditions.
The 3% absolute improvement in BTE of D80B20N150 over pure diesel corresponds
to an approximate 11% relative increase in thermal performance, indicating the strong
effect of nano-additives on combustion dynamics. This is in line with previous findings
[126]. The improved BTE in the nanoparticle-enhanced blends is due to the catalytic
effects of Al,O3 nanoparticles, which enhance fuel oxidation. Early and more complete
combustion, especially in the presence of oxygen-rich biodiesel. Meanwhile, pure
diesel (D100) maintains the lowest BTE across all speeds, largely due to its slower
burning rate, lack of catalytic enhancement, and lower oxygen content than biodiesel

blends.
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Figure 5.12. Effect of engine speed on brake thermal efficiency (BTE) for diesel,
biodiesel, and nanoparticle-enhanced fuel blends (D100, D80B20,
D80B20N50, DS0B20N100, D80B20N150).
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Figure 5.13 shows the variation in exhaust gas temperature across engine speeds (1150,
1400, 1600, and 1800 rpm) for various fuel blends, including: Pure diesel (D100),
Biodiesel blend (D80B20), Biodiesel blends with Al.Os nanoparticles at 50, 100, and
150 ppm (D80B20N50, D80B20N100, D80B20N150). The findings show that the
engine demands greater thermal energy from the fuel-air mixture at high speeds, which
naturally elevates the exhaust temperature for all fuels. However, nanoparticles'
presence helps stabilize combustion and reduce peak exhaust temperatures, improving
engine thermal behavior and reducing heat losses. All fuel blends exhibit relatively
low exhaust temperatures at low engine speeds (1150 rpm). D100 records the highest
(~220 °C), while D8OB20N150 is the lowest (~205 °C), showing an initial 5-7%
reduction in exhaust temperature with biodiesel-nano blends. This confirms the
positive role of nanoparticles in improving combustion quality and thermal efficiency,
as supported by previous research [127]. As engine speed increases, all blends show a
rise in exhaust temperature, a natural consequence of increased fuel combustion,
higher heat release, and in-cylinder pressure. This increase is most prominent at 1800
rpm, where D100 reaches ~360 °C and D80B20N150 stays around ~342 °C. The gap
between the two reaches approximately 5%, consistent with your original observation.
Pure diesel (D100) consistently exhibits higher exhaust temperatures than biodiesel
and nano-enhanced fuels. This can be attributed to the higher calorific value of diesel,
resulting in more heat release per unit of fuel. Longer ignition delays and slower

combustion profiles than biodiesel lead to more residual heat in the exhaust.
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Figure 5.13. Effect of engine speed on exhaust temperature for diesel, biodiesel, and
nanoparticle-enhanced fuel blends (D100, D80B20, D80B20NS50,
D80B20N100, D80B20N150).

Figure 5.14 illustrates how volumetric efficiency (1) varies with increasing engine
speed (rpm) across various fuel types: pure diesel (D100), biodiesel (D80B20), and
biodiesel enhanced with Al:Os nanoparticles at 50, 100, and 150 ppm (D80B20NS50,
D80B20N100, D80B20N150). The findings present that the volumetric efficiency
decreases with engine speed for all fuel types. Biodiesel alone (D80B20) has the lowest
v, especially at high speeds. Nanoparticle-enhanced biodiesel blends help recover 1.,
with D80B20N150 performing closest to diesel at 1800 rpm. This confirms the value
of nanoparticle technology in sustaining air—fuel management under dynamic engine
conditions. For all fuel blends, volumetric efficiency decreases as engine speed
increases, which is a typical characteristic of naturally aspirated engines due to reduced
air-filling time at higher rpm. At 1150 rpm, D100 starts with the highest 1, (~74%),
followed by nanoparticle blends (D80B20N150: ~73%, D80B20N100: ~72.5%,
D80B20N50: ~72%), and finally D80B20 (~71.5%). At 1800 rpm, the volumetric
efficiency values drop notably: D100: ~68.2%, D80B20N150: ~68.3%, DSOB20N100:
~67.8%, D80B20NS50: ~67.0%, and D80B20: ~66.6%. This confirms that pure diesel
and nanoparticle-enhanced biodiesel blends maintain better volumetric efficiency at

higher speeds than biodiesel alone. The decline in n, is primarily due to reduced air
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intake at higher engine speeds, resulting in lower air mass per cycle. D80B20
consistently records the lowest 1, at all speeds due to higher density and viscosity of
biodiesel affecting mixture formation and air—fuel filling. Introducing nanoparticles
(especially 150 ppm Al2Os) helps counteract this reduction by improving combustion
homogeneity and promoting earlier heat release. The results demonstrate that
increasing nanoparticle concentration has a measurable and positive influence on 1, at
high engine speeds, gradually approaching the value of pure diesel (68.2%). This is in

concordance with [128].
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Figure 5.14. Impact of engine speed on volumetric efficiency for diesel, biodiesel, and
nano-additive fuel blends (D100, D80B20, D80B20N50, D80B20N100,
D80B20N150).

5.2.2. Emissions for Diesel Engine
5.2.2.1. Effect of Biodiesel Blends

Figure 5.15 illustrates the variation in carbon monoxide (CO) emissions (% Vol.) with
increasing engine load for pure diesel (D100) and a 20% biodiesel blend (D80B20).
The results show that CO emissions increase with load for D100 and D80B20. At low
loads, D100 performs slightly better due to favorable combustion conditions. D80B20

produces less CO at high loads, confirming the combustion enhancement effect of

95



biodiesel's oxygen content. The findings support the environmental advantage of
D80B20 in reducing harmful emissions, especially under heavy load conditions, as
confirmed by [128]. At low engine loads (10-30%), CO emissions are slightly higher
for D80B20 than D100. For instance, at 10% load, D100 emits approximately 0.078%,
while D80B20 emits ~0.075%, showing a 0.2% relative difference. This is likely due
to incomplete combustion at low loads, where low combustion temperature and short
residence time hinder full oxidation of CO-to-CO-, especially in biodiesel with its
higher oxygen content, which might not activate efficiently at low loads. As load
increases from 40% to 90%, CO emissions rise steadily for both fuels, due to richer
air-fuel mixtures, particularly at near full-load operation, and decreased availability of
oxygen per unit of fuel, leading to incomplete combustion and higher CO release.
However, even at higher loads, D80B20 consistently shows slightly lower CO
emissions than D100, indicating its benefit in promoting more complete combustion
due to inherent oxygen molecules in the biodiesel. At 90% load, D100 emits around
0.235% CO, while D80B20 is around 0.215%, showing an improvement of ~8.5%

lower emissions with biodiesel blend.
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Figure 5.15. Effect of engine load on carbon monoxide (co) emissions for diesel and
biodiesel blends (D100, D80B20).
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Figure 5.16 illustrates the variation of unburned hydrocarbon (HC) emissions,
measured in ppm, across engine loads ranging from 10% to 90% for pure diesel (D100)
and a 20% biodiesel blend (D80B20). The results show that HC emissions increase
with load for D100 and D80B20. D80B20 outperforms diesel in minimizing unburned
hydrocarbons due to its oxygen content and better combustion stability. At both low
and high loads, HC reductions of ~8—9% were observed with biodiesel. These results
validate the use of biodiesel as a cleaner alternative fuel, reducing environmental and
health impacts caused by hydrocarbon emissions. At low engine loads (10-30%), pure
diesel emits higher HC than D80B20. At 10% load, HC emissions are approximately:
D100: ~25 ppm, D80B20: ~23 ppm. This marks a ~8% reduction in HC emissions
with biodiesel. Oxygen molecules in the biodiesel help facilitate more complete
combustion at light loads, resulting in fewer unburned hydrocarbons. As the engine
load increases, HC emissions for both fuels increase steadily due to incomplete
combustion under fuel-rich conditions at higher loads, and a shorter residence time for
the air-fuel mixture in the combustion chamber. At high loads (90%), D100 reaches
~57 ppm while D80B20 remains slightly lower at ~52 ppm. The relative difference is
about 9%, showing that biodiesel consistently produces fewer hydrocarbon emissions
even under stress conditions. Pure diesel (D100) performs worse regarding HC
emissions at both low and high loads, likely due to a lack of intrinsic oxygen, which
limits complete oxidation of hydrocarbons, richer mixtures, and poor atomization at
high load settings. D80B20 shows better combustion characteristics across the range,
where the Oxygenated nature of biodiesel promotes oxidation of hydrocarbons, and
improved mixing and flame stability from biodiesel leads to cleaner combustion. This
performance affirms that biodiesel blends reduce CO and CO: and significantly cut
HC emissions, contributing to overall emission control. These results agree with

studies [129].
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Figure 5.16. Effect of engine load on hydrocarbon (hc) emissions for diesel and
biodiesel blends (D100, D80B20).

Figure 5.17 illustrates the variation of nitrogen oxide (NOx) emissions, measured in
ppm, as a function of engine load ranging from 10% to 90% for pure diesel (D100)
and 20% biodiesel blend (D80B20). The plots show that NOx emissions increase with
load for both fuels due to higher in-cylinder temperatures. DS0B20 consistently emits
more NOx than pure diesel, with the highest relative increase (~23%) at light load
conditions. The oxygen-rich structure of biodiesel enhances combustion but
simultaneously promotes NOx formation. At low engine loads (10-30%), D80B20
shows higher NOx emissions than D100. At 10% load, D100: ~320 ppm, D80B20:
~420 ppm. This reflects a ~23% increase in NOx with biodiesel. Extra oxygen in
biodiesel enhances local combustion temperatures and oxygen availability, promoting
NOx formation even at low loads. As load increases, NOx emissions continue to rise
for both fuels. At 90% load, D100: ~950 ppm, D80B20: ~1010 ppm. The gap narrows
to ~5%, showing a reduced relative advantage of diesel at higher loads. Biodiesel
(D80B20) leads to higher NOx emissions due to high oxygen content, which enhances
combustion efficiency but increases flame temperature. An earlier start of combustion
may raise in-cylinder pressure and heat release rates. While biodiesel improves CO

and HC emission performance, this improvement comes at the cost of higher NOx
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emissions, especially in the mid-load range (30—70%). This observation aligns with

findings in [130].
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Figure 5.17. Influence of engine load on nitrogen oxide (nox) emissions for diesel and
biodiesel blends (D100, D80B20).

Figure 5.18 illustrates the variation of carbon monoxide (CO) emissions, measured in
volume percentage (Vol.% %), across different engine speeds (1150-1800 rpm) for
pure diesel fuel (D100) and biodiesel blend (D80B20). Across all tested engine speeds,
CO emissions from D100 were consistently higher than those from D80B20. At 1150
rpm, the CO emission from pure diesel (D100) is approximately 0.2%, while the
diesel-biofuel blend (D80B20) emits around 0.195%, reducing about 2.5%. At 1400
rpm, the CO emission from pure diesel (D100) is approximately 0.18%, while the
diesel-biofuel blend (D80B20) emits around 0.17%, indicating a reduction of about
5.5%. At 1600 rpm, the CO emissions decrease further, with D100 emitting
approximately 0.16% and D80B20 around 0.15%. Yielding a 6.25% reduction with
biodiesel. At 1800 rpm, the CO emissions decrease further, with D100 emitting
approximately 0.195% and D80B20 around 0.185%. Yielding a 5% reduction with
biodiesel. The overall CO emission trend declines with increasing engine speed up to
1600 rpm, followed by a slight increase at 1800 rpm for both fuels, likely due to
incomplete oxidation at high fuel injection rates. Biodiesel (D80B20) consistently
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outperforms diesel (D100) in terms of CO emissions, due to higher oxygen content in
the biodiesel blend, which enhances complete combustion, and improved oxidation
kinetics, reducing the formation of CO, a typical product of incomplete combustion.
The emission gap (8% to 11%) between D100 and D80B20 confirms biodiesel's
advantage in minimizing CO emissions, especially under medium-speed conditions.
These findings are consistent with previous studies and match the reported results

[131].
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Figure 5.18. Effect of engine speed on carbon monoxide (co) emissions for diesel and
biodiesel blends (D100, D80B20).

Figure 5.19 presents the variation in hydrocarbon (HC) emissions with engine speed
for two fuel types: D100 (Pure Diesel) and D80B20 (80% Diesel, 20% Biodiesel). The
results show that hydrocarbon emissions decrease as engine speed increases for both
fuels, due to improved combustion at higher speeds, and shorter residence time leading
to more efficient fuel oxidation. D80B20 consistently emits less HC than D100 across
all speeds. The improvement is attributed to oxygenated compounds in biodiesel,
promoting complete combustion. The emission difference of 21.6% vs. 21% at low
speed (1150 rpm) highlights the marginal but consistent advantage of D80B20. These
findings are consistent with prior research on HC emission reductions using biodiesel
and align with the study’s conclusions [132]. At 1150 rpm, HC emissions reached their
peak levels for both fuel types. The emission level for D100 was approximately 72.1%,
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whereas the D80B20 recorded a slightly lower value of around 71.5%. This marginal
reduction of about 0.6% suggests a slight improvement in combustion efficiency when
using the biodiesel blend. At 1400 rpm, the HC emission level for D100 dropped to
65%, whereas the D80B20 recorded to 62%. A larger reduction (~3%) for biodiesel
indicates improved oxidation and lower unburned hydrocarbon residue. At 1600 rpm,
HC emissions further decrease to 60% for D100 and 58.5% for D80B20, respectively.
This reduction indicates more complete combustion at higher engine speeds for both
fuel types. At 1800 rpm, the lowest HC emission levels are observed, with D100 at
approximately 57% and D80B20 at around 56%, indicating enhanced combustion
efficiency at higher engine speeds for both fuels.
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Figure 5.19. Effect of engine speed on hydrocarbon (hc) emissions for diesel and
biodiesel blends (D100, D80B20).

Figure 5.20 presents the variation in nitrogen oxide (NOx) emissions with increasing
engine speed for pure diesel (D100) and biodiesel blend (D80B20). The findings
illustrate that while biodiesel blends like D80B20 offer advantages in reducing CO and
HC emissions, they tend to increase NOx emissions, particularly at higher speeds. The
findings suggest a trade-off: cleaner combustion and reduced particulate emissions at
the expense of higher nitrogen oxides due to biodiesel's chemical structure and
combustion properties. This observation aligns with previous studies in emission

characterization and supports the cited agreement [133]. NOx emissions increase
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proportionally with engine speed for both fuels due to the higher combustion
temperatures and greater oxygen availability and residence time in the combustion
chamber. D80B20 consistently emits more NOx than D100, explained by higher
oxygen content in biodiesel, which enhances combustion and promotes thermal NOx
formation. Larger spray droplet size and short ignition delay in biodiesel contribute to
localized temperature spikes. The presence of unsaturated carbon bonds in biodiesel
also increases flame temperature, further supporting NOx formation. The difference in
emissions between D100 and D80B20 reaches approximately 1.5% at high speeds,
which remains within an expected range but significant for emissions regulation. At
1150 rpm, NOy emissions were measured at approximately 570 ppm for D100 and 580
ppm for D80B20, showing a minor difference of about 1.7%, with the biodiesel blend
emitting slightly more. As engine speed increased, NOy emissions rose for both fuels.
At 1400 rpm, D100 recorded around 620 ppm, while D80B20 reached approximately
645 ppm—a difference of about 4%. This trend continued at 1600 rpm, with emissions
reaching 760 ppm for D100 and 780 ppm for D80B20. The highest NOy levels were
observed at 1800 rpm, where D100 emitted roughly 950 ppm and D80B20
approximately 965 ppm. Overall, NOx emissions increased consistently with speed,
and D80B20 exhibited slightly higher values across all conditions, likely due to the

higher oxygen content in the biodiesel promoting elevated combustion temperatures.
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Figure 5.20. Effect of engine speed on nitrogen oxide (nox) emissions for diesel and
biodiesel fuels (D100, D80B20).

5.2.2.2. Effect of Al:Os Nanoparticle Blends

Figure 5.21 presents the variation of carbon monoxide (CO) emissions as a function
of engine load (10% to 90%) for different fuel blends: pure diesel (D100), biodiesel
blend without additives (D80B20), and biodiesel blends with aluminum oxide
nanoparticle concentrations of 50 ppm, 100 ppm, and 150 ppm (D80B20NS50,
D80B20N100, D80B20N150). The findings show that, compared to fuel samples
without additives, nanoparticles significantly enhance combustion performance by
increasing the surface area available for reaction, due to the higher availability of
oxygen molecules. Nanoparticles, particularly aluminum oxide (Al2Os), exhibit strong
thermal conductivity, oxidative stability, and catalytic behavior. Integrating
nanoparticles in biodiesel blends significantly improves combustion efficiency and
reduces CO emissions. Among the tested samples, DSOB20N150 consistently showed
the lowest CO emissions across all load conditions, with 15-20% reductions compared
to pure diesel. This highlights the potential of nanoparticle-doped biofuels in reducing
harmful emissions without compromising engine performance. This finding aligns
with prior literature and supports the conclusions in [134,135]. CO emissions
consistently increased with engine load across all fuel types. This trend is expected, as
higher loads demand more fuel, which can result in incomplete combustion due to
reduced oxygen availability and shorter combustion duration. For instance, at 10%
load, CO emissions ranged from 0.078% for D100 to 0.061% for D8OB20N150. At
90% load, emissions rose to 0.228% and 0.193%, respectively. At 50% engine load,
CO emissions decreased progressively with the addition of biodiesel and
nanomaterials, dropping from 0.085% with D100 to 0.067% with D80B20N150 —
representing a 21.2% reduction in CO emissions at mid-load. At 90% engine load, the
highest CO emission gap was recorded between D100 (0.228%) and D80B20N150
(0.193%), indicating a significant ~15.4% reduction in CO emissions with the use of
nanoparticle-enriched biodiesel under high-load conditions. The reduction in CO

emissions with nanoparticle-enriched biodiesel is attributed to the catalytic role of
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nanoparticles, which act as micro-catalysts to accelerate CO oxidation and provide

additional nucleation sites, enhancing the reaction surface.
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Figure 5.21. Impact of load on co emissions for diesel and biodiesel blends with
nanoparticles (D100, D80B20, D8O0B20NS50, D80B20N100,
D80B20N150)

Figure 5.22 illustrates the variation of carbon dioxide (CO-) emissions with increasing
engine load (10% to 90%) for five different fuel samples: pure diesel (D100), biodiesel
blend (D80B20), biodiesel blends with nanoparticle additives at 50 ppm, 100 ppm, and
150 ppm concentrations (D80B20N50, DSOB20N100, and D80B20N150). The results
confirm that nanoparticle-enriched biodiesel blends significantly enhance CO:
emissions due to superior combustion efficiency, especially at higher engine loads.
The blend DS8OB20N150 consistently produced the highest CO: emissions, reaching
15.9% at 90% load, indicating the most complete combustion among all tested fuels.
These results align with earlier studies and support conclusions drawn in reference
[134]. A clear upward trend is observed across all fuel blends, where CO2 emissions
increase with higher engine loads. This behavior is attributed to the higher combustion
temperatures and more complete oxidation of carbon at elevated loads. At 90% engine
load, CO: emissions increased progressively with the addition of biodiesel and
nanoparticles, rising from 13.9% with D100 to 15.9% with D80B20N150, representing

an approximate 14.4% increase in CO: output. The addition of Al.Os nanoparticles in
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biodiesel blends significantly enhances CO: production due to improved combustion
efficiency and increased surface area for oxidation reactions. Lower viscosity and
higher oxygen content of the blends improve fuel atomization and spray
characteristics. The oxygen-rich nature of biodiesel, further boosted by nanoparticles,
leads to more complete oxidation of carbon into CO- rather than CO or HC. At 10%
load, CO: emissions ranged from 3.1% (D100) to 5.1% (D80B20N150). At 30% load,
Emissions were 5.3% (D100) and 7.3% (D80B20N150). Even at low loads,
nanoparticle-enhanced fuels demonstrated superior combustion performance,
evidenced by higher CO: levels. The increase in cylinder temperature and pressure at
high loads facilitates the complete oxidation of carbon, thus elevating CO. formation.
Nanoparticles act as oxidation catalysts, enhance air-fuel mixing due to better

atomization, and increase the reactive zone during combustion.
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Figure 5.22. Impact of engine load on co: emissions for diesel and biodiesel blends
enriched with nanoparticles (D100, DS0B20, D80B20N50, D80B20N100,
D80B20N150)

Figure 5.23 displays the variation in hydrocarbon (HC) emissions (in ppm) as engine
load increases from 10% to 90%, for five different fuel samples. This figure confirms
that adding biodiesel and Al-Os; nanoparticles to diesel fuel enhances combustion

efficiency, particularly under high-load conditions. The lowest HC emissions were
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observed for D8OB20N150, showing a consistent reduction of up to 10 ppm compared
to D100 across the entire load range. These findings align with previous studies'
conclusions and match the expectations described in reference [136]. HC emissions
increased with load for all fuel types, ranging from ~24 ppm at 10% load to ~64 ppm
at 90% load. However, D100 consistently showed the highest HC emissions, while
D80B20N150 exhibited the lowest. At 90% engine load, HC emissions steadily
decreased with biodiesel and added nanoparticles, from 64 ppm with D100 to 54 ppm
with D8OB20N150, resulting in a 15.6% reduction in unburned hydrocarbons at high
load conditions. At 10% engine load, HC emissions dropped from 25 ppm with D100
to 21 ppm with D8OB20N150, marking a ~16% reduction. This indicates that
nanoparticle-enhanced biodiesel blends outperform pure diesel even at lower loads by
promoting better ignition and enhanced post-flame oxidation. Oxygen in biodiesel and
the higher cetane number contribute to more complete fuel oxidation. AlOs
nanoparticles act as combustion catalysts by reducing viscosity, improving calorific
value, and increasing surface reactivity and flame speed. These properties result in

enhanced post-flame oxidation, lowering the number of unburned hydrocarbons.
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Figure 5.23. Effect of engine load on hydrocarbon emissions for biodiesel blends with
and without nanoparticles (D100, D80B20, DSOB20N50, D80B20N100,
D80B20N150).

Figure 5.24 illustrates the variation of nitrogen oxide (NOx) emissions (in ppm) with

increasing engine load (10%—-90%) for five fuel samples. NOx emissions consistently
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increase with engine load for all fuel types. This is due to the higher combustion
temperatures at higher loads, which promotes thermal NOx formation by breaking
nitrogen triple bonds and forming reactive intermediates. At 90% engine load, the
highest NOx emissions were recorded with D80B20N100 (~1060 ppm), while the
lowest level was observed with D80B20NS50 (~870 ppm), indicating an 8.4% reduction
compared to D80B20, highlighting the sensitivity of NOx formation to nanoparticle
concentration. At 10% engine load, NOx emissions rose from ~320 ppm with D100 to
~500 ppm with D80B20N100, a 56% increase, while DSOB20N150 showed a lower
value of ~390 ppm. This suggests that higher nanoparticle concentrations can elevate
NOx formation at low loads due to faster heat release and increased combustion
temperatures. The findings highlight a nonlinear relationship between nanoparticle
concentration and NOx emissions: moderate levels (e.g., D80B20N50) enhance
combustion efficiency without significantly increasing peak temperatures, thereby
reducing NOx, whereas higher concentrations (D80B20N100 and D80B20N150)
intensify reaction zone temperatures, leading to elevated NOx formation. These
findings align with prior studies [136], emphasizing the delicate interplay between

combustion enhancement and emissions formation in nanofluidic biofuels.
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Figure 5.24. Effect of engine load on nox emissions for diesel-biodiesel-nanoparticle
blends (d100, d80b20, d80b20n50, d80b20n100, d80b20n150).
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Figure 5.25 presents the variation of carbon monoxide (CO) emissions (in Vol. %)
with engine speed (1150 to 1800 rpm) for five fuel configurations. The findings
observed that CO emissions decrease steadily from 1150 rpm to 1600 rpm for all
blends. At 1800 rpm, a slight rise in CO is observed, attributed to incomplete oxidation
at high speeds due to reduced residence time. CO emissions result from incomplete
combustion, typically when there is a rich fuel-air mixture and low flame temperature.
Pure diesel (D100) at low speeds suffers from poor atomization and low swirl,
resulting in higher CO emissions. Adding Al.Os nanoparticles enhances the thermal
conductivity and oxidative reactivity of the fuel, increases the evaporation rate, and
promotes complete combustion due to higher in-cylinder temperatures and improved
oxygen diffusion. Nanoparticles act as micro-catalysts, improving fuel—-air mixing and
shortening ignition delay. At high speed (1800 rpm), a slight rise in CO emissions
across all blends suggests reduced combustion time at higher speeds and incomplete
oxidation of CO to CO:. Yet, DEOB20N150 maintains the lowest CO emission level,
showcasing the nanoparticles’ role in combustion sustainability even at elevated rpm.
These results align with studies [137,138] confirming that biodiesel-nano additives

enhance combustion efficiency and reduce CO.
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Figure 5.25. Impact of engine speed on co emissions for diesel-biodiesel-nanoparticle
fuel blends (D100, D80B20, DS0OB20N50, D80B20N100, DS0B20N150).

Figure 5.26 illustrates the variation in carbon dioxide (CO:) emissions with increasing
engine speed (1150-1800 rpm) across five fuel samples. The findings present that the
inclusion of ALl:Os nanoparticles in biodiesel blends significantly reduces CO:
emissions across all engine speeds. The DS80B20N150 blend exhibits the lowest CO:
output, highlighting its environmental benefits and combustion efficiency. CO:
emissions decrease progressively for all fuel samples as engine speed increases. Pure
diesel (D100) consistently shows higher CO: emissions at each speed compared to
biodiesel and nano-fuel blends.CO: emissions are direct indicators of combustion
efficiency: higher emissions typically reflect more complete combustion. However,
the reduction in CO: at higher speeds is not necessarily due to incomplete combustion,
but rather to shorter combustion duration, limiting oxidation of CO to CO-, and lower
residence time in the combustion chamber. Biodiesel and nanoparticle additives reduce
CO: emissions through Higher oxygen content, promoting leaner combustion,

improved atomization, and reduced fuel viscosity due to Al>O; particles.
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Figure 5.26. Effect of engine speed on co: emissions for diesel-biodiesel-nanoparticle
fuel blends in compression ignition engines.

Figure 5.27 presents the variation of hydrocarbon (HC) emissions with respect to
engine speed for different fuel blends. The results showed that HC emissions
consistently decline as engine speed increases from 1150 to 1800 rpm. At low speeds
(1150 rpm), HC emissions are highest across all blends, particularly for D100 (~72%)
and D80B20 (~70%). At 1800 rpm, the lowest HC emissions are observed with
D80B20N150 (~53%), followed by D8OB20N100 (~54%) and D80B20NS50 (~55%).
Unburned hydrocarbon emissions are typically caused by incomplete combustion and
fuel-rich zones within the cylinder. As engine speed increases, residence time
decreases, but cylinder pressure and temperature increase, improving combustion and
reducing HC emissions. The addition of nanoparticles enhances Fuel atomization due
to improved spray characteristics, evaporation, and post-flame oxidation, leading to
more complete combustion, and a higher cetane number in biodiesel contributes to
shorter ignition delay, higher flame speed, and better oxidation, resulting in lower HC
emissions. These findings align with earlier research confirming the positive impact
of biodiesel-nanoparticle blends on emission reduction. Specifically, as highlighted

by the Reference [139].
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Figure 5.27. Effect of engine speed on hydrocarbon emissions in diesel-biodiesel—
nanoparticle fuel blends.

Figure 5.28 illustrates the variation of NOx (nitrogen oxide) emissions with increasing
engine speed for various fuel samples. The results illustrate that increased NOx
emissions with engine speed directly result from elevated combustion temperatures.
While biodiesel blends improve combustion and reduce certain pollutants, they may
contribute to higher NOx emissions, especially when enhanced by nanoparticles like
AlOs. However, D80B20N150 showed a slightly reduced NOx profile among all
tested blends at higher speeds than D80B20 alone. Biodiesel fuels have unsaturated
fatty acid chains with carbon double bonds, which break easily at high temperatures,
generating free radicals and enhancing flame propagation and combustion speed,
which in turn accelerates NOx formation. NOx emissions were lowest at 1150 rpm for
all fuel blends, ranging from 560-580 ppm, but increased significantly with rising
engine speed, reaching ~960 ppm for D80B20 and gradually decreasing to ~930 ppm
for DSOB20N150 at 1800 rpm. This pattern reflects the temperature-dependent nature
of NOx formation, where higher speeds lead to greater combustion temperatures and

thus more NOX.
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Figure 5.28. Effect of engine speed on nitrogen oxide (NOx) emissions in diesel—
biodiesel-nanoparticle blends.

5.3. NUMERICAL SIMULATION RESULTS

This study uses a numerical approach to correctly analyze the release and distribution
of heat within the cylinder, simulating fuel injection phenomena and improving the
performance of a four-cylinder, four-stroke internal combustion engine. The 3D
ANSYS FLUENT application simulates numerical operating conditions and compares
results to experimental data. The aim is to evaluate the validity of the CFD model.
While the software delivers computational fluid dynamics within the engine, utilizing
the physical and chemical characteristics of pure diesel, biodiesel, and nanomaterials,
it also saves time and accuracy while doing experiments. Data and computations can

also be collected rapidly and reliably under ideal engine operating conditions.

5.3.1. Performance of Diesel Engines

5.3.1.1. Effect of Additive Blends with Diesel

Figure 5.29 shows the cylinder pressure contours at different crank angles (CA 700,

CA 720, and CA 740) for various biodiesel-nano fuel blends. This figure demonstrates
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that increasing nanoparticle concentrations in biodiesel blends significantly alter
combustion dynamics by increasing peak cylinder pressure, particularly around TDC
(CA 720). This is attributed to improved ignition properties, thermal behavior, and
catalytic effects of the nanoparticles. The cylinder pressure is comparatively lower
across all blends at CA 700 (before top dead center). Pressure distribution remains
concentrated in the upper combustion chamber, with dominant green/blue zones
(~6.0-7.0 MPa). As nanoparticle concentration increases, slight pre-combustion
activity is evident, especially for B20A150. At CA 720 (top dead center), peak
combustion occurs with rapid pressure buildup. B20 shows pressure up to ~8.0 MPa.
B20A50 and B20A100 demonstrate improved combustion characteristics with a wider
spread of high-pressure zones (orange to red, ~8.3—8.5 MPa). B20A150 reaches the
highest peak pressure, clearly showing a more intense combustion event — a direct
result of nanoparticle-enhanced ignition. At CA 740 (after top dead center), pressure
drops rapidly as expansion begins. All blends show diminished pressure fields.
However, B20A150 maintains a slightly higher-pressure tail, which implies better
post-combustion energy utilization. Nanoparticles (Al:0s) enhanced thermal
conductivity and catalytic activity accelerate the combustion rate and increase the
surface-area-to-volume ratio, improving fuel-air mixing and atomization. Higher
cetane number from biodiesel + nano blends contributes to shorter ignition delays,
leading to earlier combustion and increased peak cylinder pressure. The B20A150
blend consistently demonstrates superior combustion characteristics across all crank

angles.
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Figure 5.29. Impact of nanoparticle-enriched biodiesel blends on cylinder pressure
profiles at 200 n-m load across crank angles.

Figure 5.30 illustrates the variation of cylinder pressure (P<sub>cy</sub>) with crank
angle (CA) during the combustion cycle for five tested fuel samples. The results
demonstrate the superior combustion performance of biodiesel-nanoparticle blends
compared to pure diesel and standard biodiesel. DEOB20N150 exhibits one of the
highest and most stable cylinder pressure curves. All fuel types reach peak pressure
close to TDC, around CA 718-720°. D100 shows the highest peak pressure (~82 Pa),
closely followed by B20A150, B20A100, and B20AS50. The pressure curve for B20 is
notably lower than that of both D100 and the nano-enhanced biodiesel blends. The
inclusion of Al.Os nanoparticles enhances combustion efficiency, resulting in higher
cylinder pressures, and pressure rises progressively with increasing nanoparticle
concentration. The pressure build-up starts around CA 700° and rapidly rises to its
peak at ~CA 720°, then falls until CA 750-760°. Nano-blended fuels maintain a

slightly longer high-pressure zone, indicating sustained energy release.

114



——D100

—%—B20 —A—DB20A50 —E—B20A100

—8—B20A150

o
(=]

00
o

~
=]

=3}
o

wu
(=]

Py
o

[o%)
o

Cylinder Pressure, [Pa]

[}
o

—_
(=]

o

1
1
I
-
I
I
r
I
I
-
1
I
-
I
1

CTTTTTTTTTTTTTITTITTITT

680

-
[
o

740

760

780 800

Crank Angle [deg]

Figure 5.30. Comparative cylinder pressure trends across crank angles for diesel and
nano-biodiesel fuel blends at 200 N-m.

Figure 5.31 illustrates the variation in peak cylinder pressure across three engine load
conditions (0, 100, and 200 N-m) for five fuel types. The findings demonstrate the
positive influence of Al.Os nanoparticles on improving the peak cylinder pressure of
biodiesel blends under different loading conditions. The rise in pressure is consistent
with enhanced combustion characteristics, validating previous research findings
[140,141]. The increased surface area and catalytic behavior of Al.Os nanoparticles
facilitate enhanced combustion. Their thermal conductivity accelerates heat transfer,
reducing ignition delay and promoting faster fuel oxidation, which boosts peak
pressure. At higher loads, fuel injection quantity increases, leading to more energetic
combustion and naturally higher cylinder pressures. Normally, biodiesel alone (B20)
produces lower peak pressure due to its higher viscosity and oxygen content. With the
addition of nanoparticles, the combustion phase advances, making the performance
closer to that of D100.Among the nano-blends, D80B20N150 shows the highest
improvement in pressure. At 0 N-m Load (No Load), pure diesel (D100) records the
highest peak pressure (~65 bar). Among the biodiesel variants, nano-enhanced blends
(B20A50, B20A100, B20A150) show slightly higher pressure than plain biodiesel
(B20), ranging from ~59 to 61 bar, confirming the initial enhancement even under
unloaded conditions. At 100 N-m load, peak cylinder pressure increased for all fuels,

with D100 reaching the highest at ~72 bar, while nano-biodiesel blends gradually rose,
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from ~66 bar (B20A50) to ~68 bar (B20A150). All samples exhibited maximum peak
pressures at 200 N-m load, indicating stronger combustion intensity under higher load

conditions.
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Figure 5.31. Peak cylinder pressure response to load for diesel-biodiesel blends with
nano-additives

Figure 5.32 presents the variation of numerical Brake Thermal Efficiency (BTE) with
increasing engine load for five different fuel types. The numerical simulation confirms
that Al-Os nanoparticle-doped biodiesel blends significantly improve engine thermal
efficiency, especially under higher loads. DSOB20N150 stands out with the best BTE
performance, proving the viability of nanotechnology in biofuel applications. The
findings observed that pure diesel (D100) consistently yields the lowest BTE values
among the tested fuels, especially at high loads. D80B20 (biodiesel alone) exhibits a
4.8% reduction in thermal efficiency compared to D100, indicating that biodiesel
lowers combustion efficiency when used without enhancement. Nano-enhanced
blends (D80B20N50, D80B20N100, D80B20N150) outperform both D100 and
D80B20. D80B20N50 shows slight improvement over D80B20, D80B20N100
improves further, and D80B20N150 achieves the highest BTE, particularly at 90%
load, where it records a 2.8% improvement over pure diesel. Al.Os nanoparticles

enhance thermal efficiency because nanoparticles possess high surface-to-volume
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ratios, increasing the contact area for combustion reactions, and the catalytic behavior
of AL:Os promotes better atomization, faster fuel-air mixing, and shorter ignition delay,
all of which improve combustion efficiency. The fuel injection rate increases as load
increases, leading to higher in-cylinder temperatures and pressures. This favors nano-
blended fuels because they ignite and evaporate more efficiently under such thermal
conditions. Biodiesel has higher viscosity and lower volatility than diesel, which
hinders atomization and slows down ignition, resulting in incomplete combustion. The
150-ppm concentration of nanoparticles offers an optimal balance: high catalytic
activity, improved oxidation, and faster flame propagation. This blend mitigates the

negative effects of biodiesel while enhancing its strengths.
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Figure 5.32. Effect of engine load on numerical brake thermal efficiency (BTE) of
diesel-biodiesel-nanoparticle blends.

Figure 5.33 illustrates the contours of cylinder temperature fluctuation across different
crank angles for the B20A150 fuel blend (a mix of 80% diesel, 20% biodiesel, and 150
ppm Al2Os nanoparticles) under an engine load of 200 Nm, using computational fluid
dynamics (CFD) simulations. The thermal contours of this figure provide strong
evidence that B20A150 significantly improves combustion quality. The increase in

peak in-cylinder temperature to nearly 1188 K, particularly at CA 720, confirms that
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the Al.Os nanoparticles at 150 ppm enable a more vigorous and efficient combustion
process. When compared to baseline fuels such as pure diesel (D100) or biodiesel
blends without nanoparticles, the D80B20N150 blend exceeds average peak
temperatures by 5-10%. This improvement correlates with enhanced combustion
efficiency and higher brake thermal efficiency, as evidenced in earlier figures (e.g.,
Figures 5.30-5.32). The findings present a sequential thermal map of combustion
temperature at various crank angles, including CA 640, 680, 700, 720, 740, 784, 800,
and 833. The highest combustion temperature reaches approximately 1188 K, which
is observed near crank angle CA 720, signifying the peak combustion phase. At earlier
crank angles (e.g., CA 640 to CA 700), the temperature remains relatively low,
dominated by shades of blue and cyan, indicating temperatures of 500—-800 K. As
combustion initiates and proceeds, especially between CA 720 and CA 740, a sharp
temperature rise is evident, shifting the color spectrum toward green, yellow, and red,
corresponding to temperatures approaching and exceeding 1000 K. Post-combustion
phases (CA 784, CA 800, and CA 833) show a return to cooler temperatures, indicating

dissipation and completion of the combustion cycle.
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Figure 5.33. Effect of crank angle on in-cylinder temperature distribution for B20A 150
fuel at full load.
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Figure 5.34 presents the maximum in-cylinder temperature recorded for various fuel
samples (D100, B20, B20A50, B20A100, and B20A150) under three engine load
conditions: 0, 100, and 200 N-m. The findings observed that at 0 N-m, the highest
temperature recorded was for B20, approximately 1090 K, while D100 showed the
lowest temperature at around 1010 K. With increased load to 100 N-m, all fuel samples
exhibited higher peak temperatures, with B20 reaching nearly 1170 K and the nano-
additive blends (B20A50-B20A150) slightly lower in the range of 1140-1155 K. At
the maximum load of 200 N-m, the peak temperature further increased, with B20
approaching 1200 K, while the nano-fuels stabilized at a slightly lower thermal range
(1170-1180 K), still above D100 (~1160 K). The higher peak temperatures observed
in B20 compared to D100 are attributed to its higher oxygen and hydrocarbon content,

promoting more complete and vigorous combustion.
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Figure 5.34. Effect of engine load on maximum combustion temperature in diesel-
biodiesel blends with nano-additives.

Figure 5.35 displays the velocity distribution contours inside the combustion chamber
of a diesel engine running on the B20A150 (biodiesel + Al2Os nanoparticles at 150
ppm) fuel blend under a constant load of 200 N-m, across multiple crank angles

ranging from CA 640 to CA 833. The results reveal that at early crank angles (CA
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640—CA 700), velocity magnitudes are relatively low and mostly concentrated around
the periphery of the combustion chamber, near the piston bowl edges, while the central
zone remains calm with minimal turbulence. Between CA 720 and CA 740, the
velocity distribution becomes more uniform due to fuel injection and subsequent
diffusion, which enhances air-fuel mixing. From CA 784 to CA 833, a distinct
stratification of velocities appears, with higher values (up to ~8.6 m/s) near the piston
surface and side walls, while the upper central region maintains lower velocities. The
high velocity zones near the walls play a pivotal role in fuel breakup and atomization,
while the low velocity center acts as a buffer region for flame development. The
presence of Al:Os nanoparticles improves combustion dynamics by increasing swirl
intensity and enhancing charge turbulence, which shortens ignition delay and supports
faster flame propagation. As a result, this leads to more complete combustion, which
positively impacts thermal efficiency and reduces unburnt hydrocarbons (HC). The
findings also demonstrate that lower velocities at the cylinder center during
combustion are attributed to diminished swirl motion, which is common during the
compression and combustion strokes. In contrast, swirl velocity peaks during the
intake stroke due to the strong inflow momentum, then decays as the piston compresses
the charge. The swirl is reenergized after fuel injection due to momentum transfer and
turbulence caused by fuel droplet dispersion, which nano-additives enhance. Swirl
flow, defined as the rotation of air about the cylinder axis, is a critical mechanism to
promote rapid air-fuel mixing, enhance flame propagation, and support a more

homogenous and efficient combustion process.
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Figure 5.35. Velocity field evolution in B20A150 fuel blend at 200 N-m load across
crank angles.

5.3.2. Emissions for Diesel Engine

5.3.2.1. Effect of Biodiesel and Al.Os Nanoparticle Blends

Figure 5.36 illustrates the contours of CO: mass fraction for four biodiesel blends,
D80B20, D80B20N50, D80OB20N100, and D80B20N150, under identical engine
conditions: a load of 200 N-m and a speed of 1150 rpm. The findings present that the
CO:2 mass fraction for the baseline biodiesel blend (D80B20) was approximately
4.41%. With the introduction of Al-Os nanoparticles at 50 ppm (D80B20NS50), the CO-
mass fraction increased by 8.45% relative to pure diesel. Further enhancement with
100 ppm (D80B20N100) raised the CO: output to 14.47% above diesel. The highest
recorded increase was observed with 150 ppm nanoparticles (D80B20N150), resulting
in an 18.7% boost in CO: emissions compared to D100. The gradual increase in CO:
mass fraction across the nano-blended fuel samples reflects improved combustion

efficiency, attributable to enhanced oxygen content from both the biodiesel and the
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metal-oxide (Al20:) additives, and improved fuel-air mixing due to nanoparticles'
catalytic and thermal properties. The variation of the CO2 mass fraction increases

percentages for all fuel samples compared to pure diesel D100, as shown in Table 5.1.

Table 5.1. Variations of CO2 mass friction percentages for all fuel samples compared
to pure diesel.

Engine speed

Fuel samples 1150 rpm 1400 rpm 1600 rpm 1800 rpm
D80B20 4.41% 4.28% 2.53% 2.6%
D80B20N50 8.45% 8.21% 3.75% 5.1%
D80B20N100 14.47% 10.6% 6.1% 7.4%
D80B20N150 18.7% 12.8% 8.33% 9.67%
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Figure 5.36. CO2 mass fraction distribution for nanoparticle-enriched biodiesel blends
at 1150 rpm and 200 N-m load

Figure 5.37 displays the CO: mass fraction contours for biodiesel blends with and
without Al2Os nanoparticles, namely D80B20, D80B20N50, D80B20N100, and
D80B20N150, under engine conditions of 1400 rpm speed and 200 N-m torque. This
figure reinforces the trend observed at 1150 rpm (Figure 5.36), confirming that
increasing Al-Os nanoparticle concentrations in biodiesel blends leads to higher CO-
mass fractions, improved combustion characteristics, and greater emission efficiency.
The improvements, especially for DSOB20N150, demonstrate the significant potential
of nanotechnology-enhanced biofuels in boosting environmental and thermal
performance. D80B20 (baseline blend) exhibits a CO- mass fraction of approximately
4.80x107*. With 50 ppm nanoparticles (D80B20NS50), the CO: fraction increases
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slightly to about 4.86x107*, representing a ~1.25% rise. DEOB20N100 shows a more
substantial increase, reaching 5.00x107%, indicating a ~4.2% improvement in
combustion efficiency over D80B20. D80B20N150, the highest nanoparticle
concentration, peaks at 5.11x107, yielding a ~6.4% rise in CO- emissions compared

to the baseline blend.

D80B20N100 D80B20N150

Figure 5.37. CO: mass fraction distribution for biodiesel-nanoparticle blends at 1400
rpm and 200 N-m load.

Figure 5.38 illustrates the CO2 mass fraction contours for four fuel blends—D80B20,
D80B20N50, D80B20N100, and D80B20N150, under operating conditions of 1600
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rpm engine speed and 200 N-m engine load. These contours depict how effectively
each blend facilitates combustion, as reflected by the distribution of carbon dioxide
across the combustion chamber. At 1600 rpm, the use of Al:Os nanoparticles in
biodiesel blends significantly improves combustion quality, as demonstrated by the
progressive increase in CO2 mass fraction. The improvement is not only quantitative
but also reflected in the spatial distribution of combustion efficiency across the
chamber. D80B20 baseline shows a CO: mass fraction peak of approximately
4.47x107*, slightly higher than previous rpm levels, consistent with increased
combustion intensity at higher speed. D8OB20N50 achieves ~4.60x107%, reflecting a
~2.9% rise over D80B20. D80B20N100 increases further to ~4.77x107*, yielding a
~6.7% improvement compared to D80B20. D80B20N150 reaches approximately
4.90x10™, marking a ~9.6% increase over D8OB20 and confirming its superior

combustion behavior.
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Figure 5.38. Influence of nanoparticle-enriched biodiesel on CO: mass fraction at 1600
rpm and 200 N-m load.

Figure 5.39 presents the CO: mass fraction contours for four biodiesel fuel blends,
D80B20, D80B20N50, D80B20N100, and D80B20N150, under an engine load of 200
Nm and 1800 rpm engine speed. The figure is the final part of the series showing
combustion behavior across increasing rpm levels. Even at the highest tested engine
speed of 1800 rpm, nanoparticle-enriched biodiesel blends (especially DSOB20N150)
outperform plain biodiesel (D80B20) regarding CO: production, an indicator of
complete combustion. While the percentage improvements decrease with higher rpm,
the consistent trend of better oxidation efficiency underscores the value of Al.Os
additives in biodiesel combustion enhancement. Higher nanoparticle content continues
to improve combustion efficiency and reduce incomplete oxidation. The fuel-air
mixing is visibly more uniform, and the reaction zone is more defined with higher

additive concentrations. The lower CO: output at very high speeds may reflect the need

126



to optimize ignition timing and injection strategies when using nanoparticle-enhanced
fuels. D80B20 shows a peak CO: mass fraction of approximately 4.05x10~%, which is
lower than previous engine speeds (especially 1600 rpm), possibly due to shortened
combustion duration at higher rpm. D80B20NS50 rises slightly to 4.15x107*, marking
a 2.5% increase over D80B20. D80B20N100 records a value of ~4.17x107%, showing
a ~3% increase. D8OB20N150, with the highest nanoparticle concentration, peaks at
~4.21x107*, reflecting a ~4% enhancement over the base D80B20 blend.

D80B20 D80B20N50

D80B20N100 D80B20N150

Figure 5.39. Effect of nanoparticle-enhanced biodiesel on CO: mass fraction at high
engine speed (1800 rpm)

Figure 5.40 illustrates the variation in CO: emissions (Vol.%) across different engine
speeds (1150 to 1800 rpm) for several fuel blends. The findings reinforce the
effectiveness of biodiesel-nano blends in reducing carbon dioxide emissions. While
biodiesel alone offers noticeable environmental benefits over diesel, the addition of

AlOs nanoparticles drastically improves emission profiles, especially at high engine
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speeds. The D8OB20N150 blend is the most efficient in reducing CO: emissions,
making it a promising candidate for cleaner combustion strategies. CO. emissions
decline steadily as engine speed increases for all fuel types. This is likely due to shorter
combustion durations at higher speeds, reducing complete oxidation. The nano-
additives further reduce CO: emissions beyond what’s observed in D100 and DS0B20,
with the most significant reduction seen in DE0B20N150. At 1800 rpm, DS0B20N150
yields a ~47% reduction compared to D100 (from ~7.2% to ~3.8%). As the
nanoparticle concentration increases (from 50 — 100 — 150 ppm), CO: emissions

continue to drop at each engine speed.
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Figure 5.40. Influence of engine speed on CO: emissions for diesel and biodiesel-
nanoparticle blends at 200 Nm load.

Figure 5.41 illustrates the mass fraction distribution of NOy emissions for different fuel
blends under consistent engine operating conditions, specifically a load of 200 Nm and
an engine speed of 1150 rpm for four fuel types. Each subplot within the figure
presents the spatial distribution of NOy concentration inside the engine cylinder,
derived from ANSY'S simulation results. The fuel types analyzed include D80B20 (a
baseline biodiesel blend) and its nanoparticle-enhanced variants: DS80B20NS50,
D80B20N100, and D80B20N150, which are blended with 50 ppm, 100 ppm, and 150
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ppm of Al-Os nanoparticles, respectively. The findings illustrate that while the addition
of Al:Os nanoparticles enhances combustion efficiency, it also leads to a modest
increase in NOy emissions, especially at 100 ppm concentration. However, the trade-
off might be acceptable considering the parallel reduction in CO and HC emissions,
and the enhancement of thermal and combustion performance. The highest NOy mass
fraction was recorded for D80B20N100, peaking at approximately 3.71e'.
D80B20N50 and D8OB20N150 showed similar but slightly lower NOj intensities. The
baseline blend D80B20 exhibited the lowest NOy emission zone near the combustion
core. NOy is formed primarily via the thermal NO mechanism, where nitrogen reacts
with oxygen at high combustion temperatures (>1800 K). The Zeldovich mechanism
explains this, and it's heavily influenced by flame temperature, residence time, and
local oxygen availability. Al.Os nanoparticles enhance combustion by promoting
oxygen diffusion, improving atomization, and shortening ignition delay. This results
in higher in-cylinder temperatures, accelerating NOy formation. Therefore, NOy mass
fraction increases with nanoparticle concentration, especially in DSOB20N100, where
optimal combustion conditions cause peak NO, emissions. Though biodiesel contains
oxygen, its lower calorific value and longer ignition delay lead to lower peak

temperatures and less thermal NOy production at low speeds.

Table 5.2 reinforces that Al.Os nanoparticles provide a strategic advantage in reducing
NOx emissions while maintaining combustion quality. This supports their viability for
greener biodiesel applications, especially when operated at mid-range speeds (1400—

1600 rpm), where the best emission-performance balance is achieved.

Table 5.2. Comparative variability in NOx mass fraction percentages for biodiesel-
nanoparticle blends versus pure diesel across engine speeds.

Engine speed

Fuel samples 1150 rpm 1400 rpm 1600 rpm 1800 rpm
D80B20 5.7% 3.85% 2.96% 5.24%
D8OB20N50  4.13% 2.4% 2.84% 3.4%
DSOB20N100  3.3% 1.8% 1.75% 2.7%
DSOB20N150  2.86% 1.06% 1.1% 1.6%
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Figure 5.41. Numerical contours of NOx mass fraction for various nano-biodiesel
blends at 200 Nm load and 1150 rpm.

Figure 5.42 illustrates the variation in nitrogen oxide (NOy) mass fraction within the
combustion chamber for four fuel samples: DS0B20, DSOB20N50, DSOB20N100, and
D80B20N150, under a constant engine load of 200 N-m and engine speed of 1400
rpm. Using nano-enhanced biodiesel fuels, particularly with 150 ppm Al.Os
(D80B20N150), is highly effective in reducing NOx emissions at medium engine
speeds. Across all fuel blends, it is evident that the NOy emissions are concentrated in
the regions closest to the injector nozzle and combustion core, where the temperature
and oxygen availability are typically highest. The D80B20 sample exhibits the highest
NOyx mass fraction intensity, confirming that biodiesel without nanoparticle

enhancement leads to elevated NOyx formation due to prolonged ignition delay and
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incomplete charge cooling. DSOB20N50 demonstrates a notable decline in high NOy
regions, likely due to enhanced combustion efficiency and reduced ignition delay.
D80B20N100 further suppresses NOx formation, showing a more uniform and cooler
temperature profile in the contour plot. DSOB20N150 exhibits the lowest NOx mass
fraction values among all blends, confirming the superior effect of higher nanoparticle
concentrations on reducing thermal NOy. The contour appears significantly more

homogeneous and freer of red-hot zones, indicating efficient, clean combustion.
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Figure 5.42. Contours of NOy mass fraction for various biodiesel-nano fuel blends at
1400 rpm and 200 Nm load.

Figure 5.43 presents the simulated NOx (nitrogen oxide) mass fraction contours for
four fuel types—D80B20, D80B20N50, D80B20N100, and D80B20N150, under
engine conditions of 1600 rpm and 200 N-m load. At medium-high engine speed (1600
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rpm), the use of nanoparticle-enriched biodiesel blends, especially D80B20N150,
significantly mitigates NOx emissions while supporting efficient combustion. The
findings observed that D80B20 exhibits the most intense NOx emission zones, with
values reaching approximately 3.47e-19, concentrated near the injector and cylinder
wall. This is due to higher combustion temperatures and longer ignition delay periods
typical of biodiesel combustion without enhancements. As the concentration of Al:Os
nanoparticles increases, there is a clear decrease in NOyx mass fraction intensity.
D80B20N50 presents a significant drop in NOy formation, indicating improved
combustion efficiency and reduction in peak flame temperature. For D80B20N100,
the NOy emission zone is reduced further, and uniformity of the emission profile
improves. In contrast, for DSOB20N150, the lowest NOx levels are observed (~2.15e-
19), and the contour map shows a substantial reduction in the high-temperature NOy

production zones.

132



D80B20 D80B20N50
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Figure 5.43. Contours of NOx mass fraction for biodiesel-nanoparticle blends at 1600
rpm and 200 N-m load.

Figure 5.44 illustrates the contours of NOy mass fraction for four biodiesel-
nanoparticle fuel samples (D80B20, DSOB20N50, DS0OB20N100, and DSOB20N150)
at a high engine speed of 1800 rpm and a load of 200 N-m. At a speed of 1800 rpm,
which mimics near full-load engine conditions, the use of Al:Os nanoparticle-
enhanced biodiesel blends, especially D80B20N150, significantly curbs NOg
emissions while supporting combustion efficiency. At higher speeds, NOx emissions
tend to rise due to increased combustion pressure and temperature, promoting thermal
NO formation. The presence of nanoparticles such as Al-Os enhances combustion
uniformity and speeds up the evaporation and ignition phases; lowers flame
temperature by improving heat transfer, hence reducing NO, formation; and functions
as a catalyst, aiding complete combustion and reducing free radicals that contribute to

NOx. The results referenced increased in NO, emissions for various fuel blends relative
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to the standard diesel (D100) at 1800 rpm. The baseline biodiesel blend, D80B20,
exhibits a 5.24% increase in NOy emissions compared to D100. However, the inclusion
of Al-Os nanoparticles in the fuel blends results in a noticeable reduction in NOy
emissions. Specifically, DSOB20NS50 shows a 3.4% increase, DSOB20N100 a 2.7%
increase, and D80B20N150 the lowest increase at just 1.6%.

D80B20 D80B20NS50

D80B20N100 D80B20N150

Figure 5.44. NOx mass fraction contours at 1800 rpm and 200 N-m load for biodiesel—
nanoparticle blends.

Figure 5.45 presents the measured NOy emissions (in ppm) across four engine speeds
(1150, 1400, 1600, and 1800 rpm) for six fuel blend samples. The results in the figure
reinforce the beneficial role of AlOs nanoparticles in mitigating NOx emissions across
increasing engine speeds. While NO, emissions naturally rise with speed due to

elevated in-cylinder temperatures, nanoparticle addition suppresses NO, formation at
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150 ppm (D80B20N150).NOx emissions increase with engine speed for all fuel
samples. This trend is expected due to higher combustion temperatures and shorter
ignition delays at higher speeds. At 1150 rpm, NOy emissions are nearly equivalent
across all blends (~600 ppm), with slight reductions observed in the nanoparticle-
enhanced fuels. At an engine speed of 1800 rpm, a significant distinction in NOy
emission levels is evident among the tested fuel samples. The conventional diesel fuel
(D100) produces the highest NOx emissions, measuring just under 980 ppm. The
biodiesel blend D80B20 achieves a slight reduction in NOy emissions, though the
values remain close to those of pure diesel. In contrast, the nanoparticle-enhanced
blends, ranging from D80B20N50 to D80B20N150, demonstrate a gradual and
consistent decrease in NOy emissions. Among these, DSOB20N150 yields the most

significant improvement, recording the lowest emission level at approximately 920
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Figure 5.45. Variation of NOy emissions with engine speed for diesel and biodiesel—
nanoparticle blends.
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5.4. VALIDATION OF NUMERICAL MODELING

5.4.1. Break Thermal Efficiency

Figure 5.46 compares experimental and numerical Brake Thermal Efficiency (BTE)
values for two fuel samples: D80B20 and D80B20N150. The analysis spans a range
of engine loads from 0% to 100%. The results observed that BTE increases steadily
with increasing engine load for both fuel blends, which is typical behavior due to
improved combustion and lower relative heat losses at higher loads. DSOB20N150
consistently outperforms D80B20 in both experimental and numerical results,
indicating the efficiency-enhancing role of nanoparticles. Numerical results slightly
overestimate BTE compared to the experimental values. This discrepancy is expected
due to idealized assumptions in the simulation (e.g., perfect mixing, neglect of heat
losses, etc.). The consistent agreement in trends between computational and

experimental results confirms the reliability of the simulation model.
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Figure 5.46. Comparison of experimental and numerical results of BTE for D80B20
and D80B20N150.

Figure 5.47 and Table 5.3 confirm the validity of the numerical simulation results

through comparison with published data. The results support the hypothesis that
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adding nanoparticles to biodiesel blends significantly enhances combustion, reflected
in the higher peak pressures observed across all loading conditions. The current
numerical simulation results demonstrate significantly higher peak pressure values
than previously published experimental data, particularly under 50% load conditions.
For instance, the D80B20 blend achieved a peak pressure of 76.1 kPa in the current
study, notably higher than the 57 kPa reported in earlier studies. Similarly, the
D80B20N150 blend recorded a peak pressure of 79.8 kPa, exceeding the previously
published value of 64 kPa. Numerical simulations slightly overestimate the peak
cylinder pressure. However, the trend consistency between both methods confirms the

model’s validity and reliability.

Table 5.3. Validate the current results for the cylinder's peak pressure against published

data.
Current work
Fuel Type
No load (Kpa) 50% load (Kpa) No load (Kpa) 50% load (Kpa)
DSOB20 58.2 76.1 45 57
D80B20N50 59.8 772 46 59
DSOB20N100 61.3 78.1 47 62
D8OB20N150 62.4 79.8 48 64
m B20-Numircal 0 B20-Experimental
B B20A150-Numerical B B2A150-Experimental
|._ %0 D80B20 D80B20N150
8 80 -
g 70 - D80B20 D80B20N150
% 60 -
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]
_'E 40 -
& 30 4
=
T 20 4
o
10 A
o]

No load Full load
Engine load

Figure 5.47. Analyzing the relationship between engine load and peak pressure for
D80B20 and D80B20N150 blends using numerical and experimental
methods.
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5.4.2. Emissions

Figure 5.48 illustrates the variation of carbon dioxide (CO:) emissions in volume
percentage (% Vol.) concerning engine speed (rpm) for two fuel types—B20 and B20
blended with 150 ppm of Al>Os nanoparticles (B20N150). Both numerical (simulated)
and experimental results are presented at a constant engine load of 200 N-m. The
numerical simulation results show that adding Al>Os nanoparticles leads to a marked
reduction in CO: emissions at all engine speeds. The most significant drop occurs at
higher engine speeds (1600—-1800 rpm), where the CO- emissions from B20N150 are
nearly half those from B20 alone. Also, the experimental values closely follow the
numerical trend, reinforcing the accuracy of the simulations. Similar to numerical data,
CO: emissions from B20N150 were significantly lower than B20, particularly at
higher engine speeds, indicating better fuel oxidation and combustion with

nanoparticle presence.
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Figure 5.48. Comparison of numerical and experimental CO: emissions for B20 and
B20N150 fuel blends at varying engine speeds under 200 N-m load.

Figure 5.49 presents the variation in NOy emissions (ppm) against engine speed (rpm)

for two biodiesel fuel blends: B20: 80% diesel + 20% biodiesel and B20N150: B20
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blended with 150 ppm of Al2Os nanoparticles. The data includes numerical simulation
results (Num) and experimental results (EXP), measured at a constant engine load of
200 N'm. At low engine speed (1150 rpm), B20N150 achieves up to ~6.7% NOx
reduction experimentally, the highest among all speed levels, indicating optimal
nanoparticle performance under this condition. The gap in NOy reduction narrows
slightly at higher engine speeds, likely due to temperature increase overcoming the
moderating effect of nanoparticles. Experimental and numerical values track closely,
supporting the reliability of the computational fluid dynamics (CFD) approach used in
simulation. The experimental reductions (3.8%—6.7%) align well with numerical

trends, reinforcing the potential of B2ON150 as a low-emission alternative fuel.
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Figure 5.49. Comparative assessment of numerical and experimental NOx emissions
for B20 and B20N150 biodiesel blends at varying engine speeds under
constant load.

139



PART 6

CONCLUSIONS AND RECOMMENDATIONS

6.1. CONCLUSIONS

In this chapter, the theoretical and experimental results of the work are discussed and
summarized to study the effect of nanoparticles (Al2O3) with biodiesel on combustion
characteristics and engine performance, as well as the future of internal combustion
engine emissions. In the present experimental investigation for a four-stroke, four-
cylinder diesel engine, to study experimentally and theoretically the effect of
nanoparticle concentrations of nano-aluminum trioxide with biodiesel derived from
water hyacinth on engine performance, emissions, and combustion characteristics, and
to determine the current main objectives, the following conclusions were reached. The

following conclusions were reached.

Performance of the Engine

e Atboth full and half'load, the brakes' thermal efficiency improved, and the best
increase was when adding the nanomaterial with all blends and, respectively,
D80B20N150 ppm, and the percentages were 34%, 45%, 47%, and 48%
compared to pure diesel fuel. However, the calorific value decreased with
diesel fuel and biodiesel (D80B20) compared to other blends and conventional
fuel, but was optimal at half loads. At a speed of 1800 rpm.

e Reduction in fuel consumption mixed with nanoparticles and biodiesel (BSFC)
at medium and high loads, with percentages of 52%, 55%, and 58%,
respectively, compared to conventional fuel (D100). The best reduction was
achieved when adding nanoparticles to biodiesel (D80B20N150) ppm.
Compared to pure diesel fuel, fuel consumption (D80B20) decreased by 3% at
1800 rpm and a load of 200 Nm.
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e The exhaust gas temperature decreased by increasing doses of biofuel with
nanoparticles (Al2O3) and for all mixtures under all half and high load
conditions. At a speed of 1800 rpm, the exhaust temperature decreased for
biodiesel and pure diesel (D80B20) compared to pure diesel (D100) by 3.4%.
When nanoparticles are added to different samples (DS80B20NS50,
D80B20N150, and D80B20N100) at varying concentrations (ppm) compared
to pure diesel fuel, the percentage decrease is 4%, 4.4%, and 6%, respectively.
During the experiment using the ANSY'S Fluent program, it was observed that
adding biodiesel (D80B20) to pure diesel (D100) decreased temperature.
Additionally, adding nanoparticles at different rates of 9%, 9.1%, 8.90%, and
11.1% compared to pure diesel fuel reduces temperature. This decrease is

considered a good factor.

The engine emission parameters.

e Carbon monoxide emissions decreased by adding biodiesel from (D80B20)
with biodiesel fuel compared to pure diesel fuel D100 at medium and high
loads and at a speed of 1800, where the decrease was 2.5%, and when adding
nanoparticles (AL2O3) for pure diesel fuel with biodiesel, a reduction in CO
emissions was observed, respectively (4%, 11%, 2%), where the best blender
was (D80B20N100) compared to pure diesel fuel.

e CO: emissions increased at medium loads and low speeds when biodiesel was
added to pure fuel, although they were less efficient than pure diesel fuel at
1800 rpm and under heavy loads. The best combination was DSOB20N150
compared to pure diesel fuel D100, with percentages of 8%, 10%, and 11%,
respectively. CO: is also important in preserving the environment. When
adding the nanomaterial (D80B20N50), we noticed an increase in the friction
mass, which increased to 11.5%. Regarding the increase in the nanomaterial
(D80B20N100), the friction mass increases regularly from pure diesel and
biodiesel to 11.6%. It appears that as the speed increases, the friction mass is
larger at (D8OB20N150) compared to diesel fuel with biodiesel (D80B20), and
this increase is seen as a positive factor, as the friction mass increases by 11.7%

when the nanomaterial (D80B20N150) is increased. Biodiesel and various
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blends (D80B20, D80B20N50, D80B20N100, and D80B20N150) were
modeled using ANSYS Fluent software to simulate the combustion of diesel

fuel. The experimental results were strongly in accord with the expected ones.

6.2. RECOMMENDATIONS

e Conduct further engine testing under real-world conditions, particularly
during heavy machinery and field equipment operation.

e Investigate the feasibility of blending animal-based biodiesel with Al>O;
nanoparticles and conventional diesel fuel.

e Explore the combined effects of biofuel, magnetic field intensity, and
nanoparticles on the combustion characteristics, performance, and emissions
of single- and four-cylinder diesel engines.

e Undertake an exergy analysis of a compression ignition (CI) engine operating
on biofuel enhanced with nanomaterials to evaluate energy efficiency and
sustainability.

e Perform an economic feasibility analysis of diesel engine operation under

various biofuel and nanoparticle blending scenarios.
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