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ABSTRACT 

This study makes an effort to analyze the procedures involved in converting garage waste into 

more value items like fuel. The key technique the researcher employed, among others, to 

recycle spent such like waste is the pyrolysis process. Different experimental procedures were 

used in this work to get the desired result. The experiment system covered the conversion of 

waste into a fuel product through pyrolysis and chemical treatment. Additionally, the process's 

energy source is thermal energy, which was used in a furnace composed of a material with 

limited thermal conductivity. The fuel with various characteristics is produced after 

experimental study using several techniques. The results of this experimental study showed 

that the fuel that can be recovered from garage waste and has the following properties: 838 

kg/m
3 

density, 2.1 mm
2
/s kinematic viscosity, -21 

o
C cloud point, and 62 

o
C flash point. This 

study looked at whether using garage waste as an alternative fuel for diesel engines was 

appropriate and what impact blending garage waste tire and oil fuel with different blends of 

diesel (B10, B20, B30, and B40) had on the fuel characteristics, engine performance, and 

emissions characteristics. The characteristics of the fuel were tested and related with 

conventional diesel (B0). Additionally assessed are engine performance metrics including 

brake power (Pb), brake torque (Tb), and brake-specific fuel consumption (bsfc), as well as 

pollutants like CO, CO2, HC, and NOx. The generation of fuel from garage waste via thermal 

pyrolysis has been found to be a lucrative enterprise since it can replace diesel that is 

currently imported from outside and eliminate environmental problems brought on by 

incorrect handling of garage waste. The result show that fuel made from waste tire and engine 

oil can be used by blending in diesel engine. 

Key word: Garage waste, Pyrolysis, Performance, Emission 
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CHAPTER ONE 

INTRODUCTION 

1.1. Background of study 

Non-biodegradable synthetic organic compounds made by polymerization include engine oil 

and tires (Anene, 2017). To produce low molecular weight compounds like ethylene and 

propylene, crude oil is first slightly distilled to produce naphtha. Then, these low-molecular-

weight compounds are polymerized in accordance with the desired properties to create 

materials like polyethylene, polybutadiene, natural rubber, olefins and paraffin’s. Because 

handling these materials in either their powder or bulk form is challenging, they are then 

melted and molded into pellets. We can create different types of tire and engine waste by 

further processing these pellets.   

On the other hand, Adama current methods of handling WTEO are unsustainable, informal, 

inefficient, uncoordinated and unrepresentative. Solid and liquid waste generation is 

increasing, and the trend in terms of volume, type and level of hazard is being fueled by 

population booms and business expansion. There are obvious problems with gathering, 

transporting and final disposing. Waste solid and liquid waste pollutes the environment and 

poses health risks to humans, livestock and wildlife. Poorly managed open landfills are now 

far from the fringes, causing air, and land and water pollution. This location poses a real health 

risk, especially for the surrounding residents. Open to all types of scavengers, whether human, 

domestic or wild (Tekahun B. 2007).  

Ever since their inception in the 1900s, tires has taken over the role of various materials like 

wood, metals, and ceramics in the manufacturing process of goods. This is due to their 

lightweight, sturdy, and corrosion-resistant nature, along with their versatility in applications, 

easy handling, and cost-effectiveness (Nyarko & Adu, 2016). However, given that most plastic 

products serve a single purpose, managing WTEO can be a daunting task, given the enormous 

amount generated every day. There are several ways to manage WTEO, including recycling, 

incineration, and thermal or catalytic cracking. 
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Recycling is one way to reduce the amount of WTEO by recovering selected items for 

additional production use. Incineration is another method of disposing of WTEO that is 

becoming increasingly attractive to many communities, especially those facing declining 

landfill capacity and rapidly increasing landfill fees. Becoming a popular processing option 

However, incineration currently limits the potential use of WTEO for energy technology, 

releasing greenhouse gases and some highly toxic pollutants such as polychlorinated 

dibenzoparadioxins and polychlorinated dibenzofurans generate. Pyrolysis as a waste 

treatment option uses some heat source to break down WTEO. WTEO are originally 

composed of hydrocarbons, which are decomposed into crude oil and non-condensable during 

pyrolysis. If we fail to convert WTEO into productive resources, the only option left is to 

dispose of them in landfills or dump them into water bodies, which is currently being done as 

the most viable solution. 

Thermal cracking, commonly known as pyrolysis, is the most beneficial to the environment 

technique for handling waste tire and engine oil defined previously. The process of converting 

waste tire and engine oil into useful resources is known as pyrolysis. As previously stated, 

such waste is produced by the composition of small molecular compounds such as ethylene 

and propylene. The long-chain polymer splits into monomers when heated in an oxygen-

deficient reactor. Because cracking occurs at high temperatures, the monomer exists as a gas 

and has a high latent heat of vaporization. This energetic gaseous monomer is free to move. As 

a result, it is reasonable to place a pipe at the reactor's top to transport the gaseous monomer 

into a condenser, where it will be changed into a liquid by releasing its latent heat to the 

cooling water. 

There are many various types of reactors, based on the structure and feeding of the bed. I 

decided to use a fixed bed batch reactor as a result. This kind of reactor starts the process with 

the introduction of the feed in tiny batches, and once all the material inside the reactor has 

been thoroughly digested, the feeding procedure is repeated. Batch reactors are frequently used 

in scientific research. Pyrolysis occurred in a fixed bed reactor immobile bed. Compared to 

batch reactors with significant temperature gradients, fixed bed reactors are simpler to 

construct and manage. A coiled tube heat exchanger is used to condense due to its great 
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efficiency in dealing with liquid and gas phase streams, small footprint, and convenience for 

moving energy-rich fluids non condensable to secondary condensation. 

By producing fuel from WTEO, this research addresses both the issue of fuel scarcity and the 

impact on the environment. Oil produced by the pyrolysis technique is appropriate because tire 

and engine oil are both made of petroleum. The WTEO are plentiful and may be found in great 

amounts in the garage, on the sides of the road, in hospitals, in hotels, etc. 

1.2 Problem statement 

People regular activities generate both solid and liquid waste, which needs to be disposed of 

properly. Poor waste management, especially garage waste, is a concern in Ethiopia, as it is in 

other developing nations. For instance, the city of Adama is capable of producing a lot of this 

kind of garage waste like tire and engine oil. Numerous issues are caused by this ineffective 

waste management, including an increase in landfills and significant environmental pollutants. 

On the other hand, the world declining fuel reserves and increased environmental awareness 

searching for alternate and renewable fuels that may fulfill the rising energy demand. 

This work mainly deals with the production, characterization, and performance evaluation of 

fuel extracted from tire and engine oil by thermal pyrolysis. 

1.3. Objective  

1.3.1. General objective 

The main objective of this study is production, characterization and performance evaluation 

fuel from garage waste tire and engine oil using thermal pyrolysis.   

1.3.2 Specific Objectives 

 Fabricating the small scale pyrolysis plant.   

 Converting WTEO into fuel by using thermal pyrolysis. 

 characterization of WTEO fuel 

 Evaluating the performance of fuel on the engine.   

 Cost-benefit analysis for mass manufacturing. 
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1.4 Significance of the study 

WTEO is utilized in the production of fuel, which can be used to protect environmental 

pollution, prevent global warming, and enhance human health in substitute of fossil fuels. In 

order to boost people income, it will be crucial to urge them to gather WTEO in large 

amounts. The results of the study will be used by researchers as a springboard for further 

investigation. As a result, it can enhance fuel output for diesel engines efficiency and 

reduction of emissions. 

1.5 Scope and Limitation of the Study   

In this work, the WTEO produced in Adama Town is analyzed. The basic parts of the small 

scale pyrolysis plant, such as the reactor and heat exchanger, are designed and manufactured 

as part of the research as well. The next step in this research was a test fuel production once 

the system component parts were put together. Finally, the produced fuels undergo 

experimental testing for fuel characteristics, engine performance, exhaust gas analysis, and 

economic analysis.  

The study limitation includes pyrolysis of the WTEO have unpleasant smell which released 

during the process. The result varied somewhat at different time because of measurement 

errors. 
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CHAPTER  

LITERATURE REVIEW 

2.1. Recycling of WTEO  

The world is currently facing a major energy crisis, with the continuous decrement of non-

renewable energy sources, and the WTEO need to sustainable development practices has 

become a pressing matter. Hence, waste conversion technologies have been gaining increasing 

attention as an alternative source of energy, especially for the transportation sector. The 

conversion of WTEO into a source of fuel has been the subject of much work recently. This 

literature review aims to examine the production and performance evaluation of fuel derived 

from garage waste. 

Several studies have proposed different methods for producing fuel from WTEO. One such 

method involves pyrolysis, which involves the use of high heat and a lack of oxygen to break 

down complex molecules into smaller hydrocarbons, resulting in liquid oil. Another method 

involves hydro processing, wherein the WTEO is subjected to high pressure and high 

temperature to produce a liquid fuel. These methods have been shown to be effective in 

producing fuel from garage waste, with hydro processing having the added advantage of 

producing a fuel with properties similar to conventional diesel. 

Furthermore, the performance evaluation of fuel derived from garage waste has also been 

studied, using various parameters such as heat value, viscosity, flashpoint, and carbon residue. 

One study found that the fuel derived from WT had a higher heat value than that of the 

conventional diesel fuel. Another study reported that the flashpoint of fuel produced from both 

WTEO was higher than the minimum requirement, indicating its safe use. However, the 

viscosity of the fuel produced from WTEO was found to be higher than that of conventional 

diesel. 

Despite the promising results of using WTEO as a source of fuel, several challenges remain. 

The high sulfur content of WTEO poses a significant challenge in their conversion to high-

grade fuel. Additionally, waste conversion technologies are confronted with issues like 
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scalability, cost-effectiveness, and environmental impact. However, with ongoing research in 

this area, these challenges can be addressed, making fuel derived from waste garage oil and 

tire a viable and sustainable energy source for the future. 

In conclusion, the production and performance evaluation of fuel derived from WTEO has 

been the subject of much research in recent years. Pyrolysis and hydro processing methods 

have shown promising results in producing fuel with properties similar to conventional diesel. 

Performance evaluation studies have reported the fuel’s high heat value, acceptable flashpoint, 

and safe use. However, challenges like high sulfur content and cost-effectiveness remain, 

which can be addressed with ongoing research. The results of these studies indicate that fuel 

derived from WTEO has the potential to be a sustainable alternative to traditional fossil fuels. 

The primary type of solid waste found globally is WT, which consist of various types of tires 

including bicycles, rickshaws, motorcycles, auto-rickshaws, cars, taxis, microbuses, jeeps, 

tractors, buses, and trucks (Ayanoğlu & Yumrutaş, 2016). The disposal of WT is a frequent 

and troublesome form of waste. Every year, around 1.5 billion tires are manufactured and will 

ultimately become waste. The European Union has prohibited the disposal of WT, and instead, 

they must be recovered and recycled. Pyrolysis is an effective method that dissolves WT while 

producing helpful byproducts (Czajczyńska et al., 2017). Energy has always been and will 

likely continue to be crucial for sustaining daily activities. However, the current means of 

obtaining energy has largely relied on fossil fuels, which has created a dependency that has 

proven difficult to reduce (Karagöz et al., 2020). With industrialization and a continuously 

increasing global population, the need for energy is also rising. As a result, numerous nations 

are exploring alternative energy options to meet their requirements (Ayanoğlu & Yumrutaş, 

2016)Tires possess significant energy value, but they are difficult to decompose and have 

hazardous effects on the environment and human health. The reusing of WT has therefore 

gained immense attention among research fields. Various methods are currently utilized to 

dispose of them, such as tire retreading, mechanical grinding, rubber reclamation, combustion, 

and pyrolysis. Pyrolysis, in particular, has regained prominence over the past decade since it is 

possible to optimize the process to produce quality fuels. WT offer oil, released gas, char, 

steel, and residual products that can all be reused. The released gas has sufficient calorific 

value for application as process energy 
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The utilization of renewable resources and waste conversion procedures is on the rise due to 

various factors such as global warming and the societal dependency on non-renewable sources 

for fuel and essential materials. Conversely, the mounting worldwide number of vehicles and 

insufficient technical and economic methods has magnified the issue of WT disposal with 

detrimental effects on the environment. With tires made of rubber containing a significantly 

higher calorific value than coal and noteworthy quantities of carbon black, it appears 

reasonable to explore ways to capitalize on their raw material and energetic potential. This 

could aid in the pursuit of alternative fuels, decreasing carbon dioxide emissions, and 

recycling of raw materials. 

Rubber, carbon black, accelerators, and fillers are components of tires. Rubber is found as 

CXHY, which is a thermoset polymer and contains some fiber components. Tires for 

passenger and commercial vehicles are made by combining natural rubber (NR) and synthetic 

rubber (SR), including butyl rubber (BR) and styrene-butadiene copolymer (SBR). SR mainly 

comes from petroleum-based goods, but NR is sourced from the Heave tree. 

The construction of tires is meant to endure tough physical and environmental conditions like 

ozone, light, and bacteria, which makes it challenging to recycle or process them for other 

purposes. Moreover, their large size and non-degradable nature make disposal in landfills 

problematic, with a lifespan of at least 80 to 100 years. Additionally, because tires are 

thermoset polymers, they cannot be melted or broken down into their chemical constituents. 

Although the process of burning can be a convenient way to extract energy, the generation of 

pollutants such as dioxins, PAHs, VOCs, particulate matter, etc. during the combustion of 

complex waste like tire, makes it unfavorable to pursue due to its negative impact on both the 

environment and public health. 

According to (Murillo et al., 2006), when WT are quickly heated in a process known as 

pyrolysis, they produce an oil fraction that typically makes up 30-60% of the total weight. This 

process can be performed using similar reactor types as those used for biomass pyrolysis, 

which include fixed, fluidized, and spouted beds, or screw and rotary kiln reactors. The 

resulting oil, called tires pyrolysis oil (TPO), has a high amount of carbon (approximately 85% 

by weight) and similar energy content to gasoil or light fuel oil at 42 mega joules per 

kilogram. However, TPO also has a high concentration of sulfur and aromatic components that 
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make direct use as fuel impractical. Therefore, the oil requires additional processing to remove 

these impurities, including hydrodesulfurization, hydro-dearomatization, and hydrocracking, 

with the latter techniques being the most promising for integrating TPO into refinery operation 

(Hita et al., 2016). Thus, the oil derived from co-pyrolysis of scrap tires and biomass materials 

could also be suitable for refining into high-quality fuels using hydro processing treatments. 

WT have found extensive use in numerous energy-related applications such as power 

generation stations, factories that produce tires, cement kilns, and facilities that manufacture 

pulp and paper, among various others. 

Since it allows for energy recovery, pyrolysis is seen as a promising thermochemical strategy 

for handling the problem of WTEO disposal. Due to the significant amount of natural rubber 

present in tires, this technique enables the removal of carbon black from tires, and the resulting 

volatile molecules (including both condensable and non-condensable compounds) have the 

potential for renewable energy recovery. 

Analysis of fuel reveals the amount of moisture, volatile matter, fixed carbon, and ash that is 

present. According to studies, the polymeric compounds formed from NR and SR make up the 

majority of the volatile matter present in tires, while the fixed carbon should match the CB 

utilized in tire production. (De Marco Rodriguez et al. 2001) state that the amount of non-

volatile matter should match the amount of solid residue left behind after pyrolysis, while the 

amount of volatile matter present should match the amount of gas and liquids created during 

the pyrolysis process.Vehicle tires have a high calorific value (35–40 MJ/kg), which is higher 

than the typical coal used in power plants (approximately 25–50%). 

For thousands of years, people have been using pyrolysis to turn biomass into charcoal. 

Pyrolysis has also been used commercially to produce fuel gas and smokeless solid fuel from 

coal and mainly wood biomass. Pyrolysis is a type of thermochemical treatment that breaks 

down chemical bonds by heating the material in an oxygen-free environment like a vacuum or 

inert atmosphere. This process is the first step in combustion or gasification. While the term 

"pyrolysis" suggests the presence of oxygen, the more appropriate term is "thermolysis" 

because it accurately describes the lack of oxygen and reactive intermediates. Pyrolysis is 

sometimes called reverse polymerization, thermal depolymerization, or polymer cracking. The 
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main advantage of this process is that it can deal with waste materials that are difficult to 

recycle and create reusable products. 

The process of thermochemical treatment has the ability to recycle feedstock and convert solid 

waste materials into high-energy fuels, valuable chemicals, monomers, and other materials. 

When solid materials are used, pyrolysis occurs and releases high-energy volatile gases and 

carbonaceous solids like char. Pyrolysis involves heating feedstock without oxygen in an inert 

atmosphere to over 400°C, causing different structures within the feedstock to decompose 

through various reactions. However, the products of pyrolysis are often low-value mixtures of 

hydrocarbons with a broad range of compositions, from light gases to coke. Depending on the 

desired outcome, the optimal conditions for the process must be determined, such as particle 

size, temperature, reaction time, heating rate, atmosphere, and flow. 

2.2 A waste tire pyrolysis products  

In general, polymers consist of carbon atoms that are bonded together with either single or 

double bonds. According to (Murillo et al., 2006), WT are defined by having double bonds 

between carbon atoms. When rubber undergoes thermal decomposition, it creates very reactive 

free radicals, which are molecules that are missing an electron. These free radicals can become 

a part of the original WT molecule. Additionally, (Aguado et al., 2008) explained that the 

process of thermal degradation follows a radical chain reaction pathway where the polymer 

backbone progressively breaks down through hydrogen transfer steps. 

 

 

Figure 2. 1: Tire pyrolysis products (Aguado et al., 2008) 
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In general, it can be said that the WT pyrolysis procedure includes intermolecular free radical 

reactions, which change depending on the pyrolysis circumstances. The reactions that take 

place during tire pyrolysis were divided into three groups despite the difficulty in identifying 

the specific reactions at play: the primary pyrolysis reaction (250-520
0
c), the secondary post-

cracking reaction of pyrolytic volatiles (600-800
0
c), which has a significant impact on BTX 

(benzene, toluene and xylene) yields, and the pyrolytic CB gasifying reaction with 

CO2/H2O/O2 in the gases (750-1000
0
c). According to the authors, temperature and reaction 

time, which are depicted by the reaction rates in the Arrhenius equation, determine the 

relevance of each reaction group. 

2.3 Reactors for pyrolysis 

(Scheirs, 2006) indicates that industrial facilities with a conical or tori spherical floor and a 

capacity ranging from 3 to 20 m
2
 commonly carry out plastic pyrolysis and/or cracking by 

catalysis in continuous stirred tank reactors. The options for tire pyrolysis, however, are more 

varied. These include autoclaves, rotary kilns, screw conveyors (auger), fixed, spouted, 

entrained and fluidized beds, rotating cones, vortex reactors, melting vessels, plasma reactors, 

free-fall, tubing bomb reactors, as well as vacuum pyrolysis and the ablative process. Each 

reactor/configuration is utilized for different energy applications, such as distributed 

production (heat and/or electricity) and the manufacture of liquid fuels, and char each has 

benefits as well as drawbacks in terms of technical, economic, and ecological characteristics. 

Numerous technological equipment designs have been proposed, designed, and tested. (Meier 

& Faix, 1999) The BFBR and CFBR, the ablative process (the rotational cone and vortex 

reactor), and the vacuum pyrolysis were emphasized as the most pertinent reactor designs for 

fast pyrolysis. Additionally, (Malko w, 2004) gave a thorough analysis of cutting-edge 

pyrolysis and gasification methods for the disposal of municipal solid waste with energy 

recovery. Additionally, numerous arrangements for processing waste rubber and tire 

components through thermochemical and combustion processes in various types of reactors 

were shown 
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Figure 2. 2: type of reactor (Khiari et al., 2018) 

2.4 Types of pyrolysis  

Depending on operational characteristics like heating rate, volatile residence duration, and 

temperature, pyrolysis may be divided into several categories. The widest classification of 

pyrolysis is slow and rapid, with fast being referred to as flash pyrolysis. However, compared 

to rapid pyrolysis, flash pyrolysis can also refer to faster heating rates and shorter vapor 

residence durations. Additionally, pyrolysis can be categorized according to the environment 

in which it is performed; examples include oxidative, hydro, steam, catalytic, and vacuum 

pyrolysis. Based on the type of heating method employed, such as microwave or plasma, 

pyrolysis may also be categorized (Kumaravel et al., 2019) 

Pyrolysis can be carried out successfully under various conditions, leading to different 

classifications. Depending on the operating parameters, there are numerous types of pyrolysis, 

including atmospheric, vacuum, catalytic, fast, ultra-fast (flash), and slow (Cheng et al., 2017). 

 

 

 



12 

 

Table 2. 1: type of pyrolysis(Cheng et al., 2017) 

 

2.4.1 Slow pyrolysis 

As implied by its name, slow pyrolysis entails a slow, low-temperature decomposition process. 

Low temperatures and relatively lengthy times for the solid and vapor components to remain 

inside the system (usually lasting a few minutes to several hours) are two characteristics of this 

form of pyrolysis. Furthermore, slow pyrolysis can occasionally be carried out at lower 

temperatures. This process involves extended residence durations, which increases the 

potential for secondary conversion of primary products and boosts the generation of coke, tar, 

and thermally stable compounds. Many people now refer to slow pyrolysis as "carbonization" 

as a result of this property. Slow pyrolysis' major goal is to create char, as opposed to fast 

pyrolysis, which primarily focuses on getting tar and gases. While some tar and gases may be 

collected, they are not always retrieved during slow pyrolysis 

2.4.2 Fast pyrolysis  

In contrast to slow pyrolysis, fast pyrolysis involves a rapid thermal breakdown process that 

needs a feedstock with small particle sizes and specific equipment to remove vapors quickly. 

By condensing the volatiles generated during pyrolysis before they have an opportunity to 

decompose into gaseous products, the high heating rates, and brief residence durations in the 

hot zone, and quick quenching of products favor the creation of liquid products. With a higher 

production of liquid fuels, chemicals, and derived products typically between 50 to 60 weight 

percent for rubber feedstock this process is noted for creating a liquid fuel with a greater 

calorific value. 

In catalytic pyrolysis, a catalyst is used to increase the yield or quality of the products 

produced within a pyrolytic process. The generation of single-ring aromatic chemicals like 
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benzene and toluene in the liquid portion of the process has been achieved through research 

employing catalysts like zeolites and expanded perlite. A larger liquid output at lower 

pyrolysis temperatures and a rise in H
2
 in the gas fraction have both been demonstrated by 

studies that show adding NaOH to the process can have these effects. During the catalytic 

pyrolysis of WT, it has been discovered that adding a catalyst improves the liquid fraction 

yield and its fuel characteristics. 

2.5 Pyrolysis products  

When processing entire tires, the procedure generates four output flows that include gas, fluid 

(oil), solid (char), and steel. Conversely, if rubber shreds are used as input material, the steel 

component will not be present in the output flow, as the mechanical separation of steel should 

have been completed beforehand. 

 

Figure 2. 3:  Valuable product derived from Waste tire pyrolysis (Hita et al., 2016) 

2.6 Energy requirement for pyrolysis 

The energy required for pyrolysis, also known as enthalpy or heat for pyrolysis, is divided into 

two parts: the energy needed to raise the feedstock's temperature from room temperature to the 

reaction's required temperature (known as sensible energy), and the energy required to convert 

the feedstock into the reaction's byproducts (reaction enthalpy). The necessary heat for 

pyrolysis can be provided in a number of ways: (i) burning an auxiliary fuel; (ii) igniting the 
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gas and/or solid fraction generated during the process; (iii) using electric heating; and (iv) 

using hot sand, solvents, or molten salts as a heat transfer medium (heat carriers). 

2.7 Parameter affecting pyrolysis process 

Pyrolysis, a process where heat decomposes a substance, is an endothermic reaction that 

requires a consistent temperature in the reactor to continue. The temperature plays a significant 

role in determining the resulting products and conversion rates, thus, making it the primary 

controlling variable in pyrolysis. Other factors such as type of reactor, particle size, heating 

rate, chemical composition, and volatile residence time also contribute to the process outcome. 

2.7.1. Temperature  

Given that it regulates the chain of polymers cleavage reaction, temperature is one of the most 

crucial operating parameters in pyrolysis. The van der Waals force draws molecules together, 

preventing those molecules from collapsing. The molecules in the system tend to evaporate 

out of the surface of the object as the temperature in the system rises, increasing the motion of 

the molecules in the system. This occurs when the enthalpy of the CC bond in the chain is 

greater than the energy generated throughout the polymer chains by the van der Waals force, 

causing a broken carbon chain (Gao, 2010). With rising temperature, the pyrolysis liquid fuel 

product gains both quality and quantity.. Even when the temperature is raised, pyrolysis at 

very high temperatures results in a decrease in the liquid output. This is due to secondary 

breakdown, which occurs when the critical breakdown temperature is raised further and results 

in the production of more gaseous product by lowering the liquid yield. 
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Figure 2. 4: Temperature vs product yield (Hita et al., 2016) 

Figure 2.4: It can be concluded from this that the rate of reaction, which can impact the 

product composition of liquids, gases, and carbon for tire and lubricant oil, is most strongly 

influenced by temperature. The preferred product has a significant impact on the necessary 

operating temperature. A higher temperature of more than 50°C was advised when a gaseous 

or char result was preferred. This criterion applies to WTEO. If liquid was preferred instead, a 

lower temperature in the range of 300-500
0
C was advised. 

2.7.2 Type of reactor  

The efficiency of heat transmission, mixing, residence durations in the gas and liquid phases, 

and principal product exit are mostly influenced by the reactor type used. The principal 

breakdown products' escape dynamics are determined by the reactor design, therefore various 

reactors produce varying amounts and qualities of product (Parku et al., 2020). There are two 

types of reactors used for tire and waste oil pyrolysis, according to the feed and product 

removal method or bed design. 

2.7.3. Residence time 

The residence time in slow pyrolysis and batch processes refers to the period of time from the 

beginning of heating of the starting waste oil and tire to the point at which the products are 

removed, whereas the period of residence in fast pyrolysis or continuous pyrolysis processes 

refers to the duration of contact of the waste oil and tire on the hot surface throughout the 
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reactor. More primary products can be converted further with a longer residence period, 

producing more thermally unstable byproducts such as hydrocarbons of low molecular weight 

and non-condensable petroleum gases (Aguado et al., 2008). A prolonged residence period 

during slow pyrolysis encourages the process of carbonation and increases the amount of tar 

and char in the final products. The residence duration, with the exception of the batch 

pyrolysis reactor in a closed system, is difficult to regulate directly but is modifiable by 

altering other operating parameters including the feeding rate, carrier gas stream rate, and 

product discharge rate. Following that, the residence time for these controlled operation 

parameters was determined (McMurry, 2000) 

2.7.4. Use of catalyst  

The distribution of the pyrolysis products is altered and tire and lubricant oil pyrolysis is 

optimized when catalyst is used. The catalyst can be applied to both academic and commercial 

pyrolysis procedures. (Miandad et al., 2016)  thermal pyrolysis yields low-quality liquid oil 

and necessitates both high temperatures and long retention times. The temperature and 

residence time are reduced in tire and lube oil pyrolysis when a catalyst is used. The liquid 

yield, however, was only marginally increased by the use of some catalysts, such as silica-

alumina (SA-2) and mesoporous silica catalysts (FSM), over thermal pyrolysis, with a minor 

increase of around 1.07wt%. 

 

Figure 2. 5: Catalyst effect on pyrolysis (Miandad et al., 2016) 
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Several researchers have utilized a variety of catalysts, including ZSM-5, HZSM-5, FCC, 

natural zeolite, activated alumina, and red mud. Different catalyst effects can be seen on the 

procedure of pyrolysis and its byproducts  

2.7.5 Pressure 

It has been discovered that raising the pyrolysis pressure raises oil viscosity. On the other 

hand, it has been discovered that reduced pressure (typically connected with vacuum 

pyrolysis) reduces additional reactions in the gas phase by shortening volatiles' residence time; 

this has the potential to boost oil output. The solid carbon can become of greater value as an 

activated carbon adsorbent with a bigger surface area and higher reactivity by limiting 

secondary reactions, which can also reduce gas deposition on the surface of the carbon. 

According to the ideal gas law, lowering process temperature can also result in lowering 

process pressure (PV=nRT), which reduces the amount of energy needed (Haydary et al., 

2012) 

2.7.6. Particle size  

Given that there is a high rate of heat transmission between the particles when the tire is 

smaller, the dimension of the tire materials added to the reactor affects how the pyrolysis 

product is distributed. High mass transfer rates for condensable gases to escape from fine 

particles are said to be available before secondary cracking, leading to larger liquid yields. 

Larger particles, on the other hand, restrict heat transfer and promote subsequent cracking. 

This is due, in part, to the fact that they provide a high level of resistance to the principal 

pyrolysis products that escape. 

2.7.7 Structural composition of raw material  

The chemical make-up and chemical composition of the waste oil and tire that will be 

pyrolyzed directly affect the pyrolysis products. Additionally, the pyrolysis processes are 

impacted by the chemical makeup of the starting material. Tire polymer molecules are 

categorized as linear, branched, and crosslinked based on their structural structure. 
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Figure 2. 6: Chemical composition (Hejna et al., 2020) 

Only two extra units one at each end are coupled to the units in the linear polymer. When 

branches randomly extend outside of the primary polymer chain, the polymer is considered to 

be branched. Because of the branch points produced by the polymerization process, at least 

one of the monomers that exist in branched polymers is linked to greater than two functional 

groups. The branching structure and functional side group both significantly affect the 

pyrolysis result. An interconnected, branched polymer with the entire polymer chains united to 

form a single, big molecule is what is referred to as a crosslinked polymer. Instead of melting 

or evaporating during the pyrolysis process, the crosslinked polymer disintegrates. 

2.8 Products of waste pyrolysis 

They discovered that the two main byproducts of the rubber distillation were isoprene and 

dipentene (Midgley & Henne, 1929). Since the late 1960s, several WT pyrolysis experiments 

using a wide variety of process technologies have been conducted with large high liquid 

content waste through pyrolysis get high percent oil product yield (Li et al., 2004) 

From an industrial perspective, various publications (Goddard, 1992) noted that the US 

Bureau of Reclamation made the first attempt at pyrolysis of WT. A laboratory device that can 

pyrolyze 10 kg of tires per day was created, and it produced 3.8 l of liquid, 3.2 kg of char, 1.4 

kg of gas, and 1 kilogram of steel and char per tyre (Goddard, 1992). According to (Midgley 

& Henne, 1929), the device was a bench-scale retort that was externally heated, sealed, and 

typically used to examine coal coking. Condensers, electrostatic precipitators, acid and caustic 
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scrubbers, and other cleaning equipment were used to clean the volatile products. They 

obtained much cleaned 20 wt % of condensable fuel and the other is char and gas. 

The following are brief comments on the characteristic process and representative outcomes of 

these studies.(Kaminsky et al., 1976) conducted research mainly focused on demonstrating the 

feasibility of pyrolysis of plastic feedstock and tires in a BFBR, with and without tire size 

reduction. They tested three-step scale-up facilities, including a laboratory plant (100 g/h), a 

pilot plant (30 kg/h), and a prototype plant (150 kg/h). In the prototype plant, the product 

yields were as follows: 18-25 wt% of gas, 25-30 wt% of liquid, 35-45 wt% of char (including 

CB and filler materials), and 8-12 wt% of steel cord when over 150 whole tires (totaling 1500 

kg) were processed in a single run. The gas fraction consisted mainly of CH4 and C2H4, while 

the liquid had an aromatic nature.  

(Fletcher & Wilson, 1981) of Foster Wheeler suggested a cross-flow approach to tyre 

pyrolysis, emphasizing the importance of achieving close gas-solid contact for efficient heat 

transfer. They reported successful operation of pilot plant based on this method, which yielded 

21 wt % gases and 27 wt % liquid and the part char and other part of filer material. 

2.9 Temperature of waste pyrolysis  

(Lucchesi & Maschio, 1983)conducted tyre pyrolysis experiments in a countercurrent FBR 

and observed that the resulting pyrolysis gases contained enough energy to meet the process 

energy requirements. They also found that the liquid fraction contained a high proportion of 

aromatics, while the solid fraction could serve as a precursor for activated carbons. The 

temperature take to complete conversion is between 300 up to 600
0
C. 

 (Bouvier & Gelus, 1986) conducted experiments using lube oil that comprises dense oil to 

dissolve oligomers created by devulcanization and depolymerization. The outcomes yielded a 

combustible gas, a liquid fraction, and an oil-CB suspension. The process was carried out at a 

temperature of approximately 380 
0
C.  

(Boukadir et al., 1981)reported kinetic studies using TG analysis. The former discovered that 

the thermal degradation of tires occurred in two stages, based on their primary compounds: 

polybutadiene broke down at lower temperatures (below 300 
0
C) than polystyrene (between 
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300 and 450 
0
C). The latter study identified the parameters involved in the Arrhenius equation 

and revealed that rubber degradation is a one-step mechanism following a first-order reaction.  

The University of Laval in Canada has been working on the development of the vacuum 

pyrolysis process for various feedstocks, including WT, since the early (Kaminsky, 1980)  

have been leading a research program that aims to establish a solid understanding of the 

reaction mechanism, pyrolysis product characteristics, and the design and operation of process 

development units. These units range from batch systems to an industrial-scale demonstration 

plant with a throughout capacity of 300 up to 600 
0
C (Chaala & Roy, 1996) 

 (Williams & Taylor, 2013)intensified the study of engine oil pyrolysis in FBRs, providing 

valuable insights into the process and complete product characterization. Since then, there has 

been a substantial increase in the size of particle the temperature become around 300 
0
C 

2.10 Engine performance of blend fuel 

(Wongkhorsub & Chindaprasert, 2013) The technical and economic viability of using plastic 

pyrolysis oil and tire pyrolysis oil as a substitute for diesel oil in diesel engines was assessed. 

Both oils were found to be capable of replacing diesel oil. However, plastic pyrolysis oil offers 

lower engine performance due to the enormous amount of plastic waste that needs to be 

processed to reduce environmental problems. Engine modification may be necessary to 

accommodate the combustion conditions of plastic pyrolysis oil. When using waste plastics in 

this process, it is important to use only PE or PP to prevent contamination with chlorine. Tire 

pyrolysis oil offers efficiency comparable to diesel oil at medium to high load but the 

desulfurization process has been questioned. But up to B10 it is somewhat related to the base 

line diesel. 

(Sharma & Soni, 2013) This work provides a short overview of how to create diesel like fuel 

for use in engines from various types of waste oil that are commonly found today. The 

outcomes of the study indicate that diesel like fuel created from waste oil, specifically plastic 

pyrolysis oil, waste engine oil, and waste tire oil, are a technologically feasible, economical, 

and environmentally sustainable solution and also effective for engine performance without 

engine modification by blending with pure diesel. Finally conclude that up to B20 can used for 

engine performance without engine modification with different engine load. 
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2.11 Emission characteristics of WTEO fuel 

(Cheng et al., 2017) According to the stability test, the combination of B5D85 with 100 ppm 

doping dosage has greater stability due to its higher dosage. In the same way, this combination 

also shows an increase of 2.94% in brake thermal efficiency and a decrease of 7.46% in smoke 

emission compared to diesel under full load. This reduction in emission will contribute to a 

cleaner environment and decreased environmental impact. 

(Karagöz et al., 2020) In summary, waste tire pyrolysis oil-diesel blends can be used as a fuel 

additive in CI engines without any alterations. This method helps with waste-management and 

converting waste to energy while also preserving fossil fuel resources. The authors suggest 

using ternary or quadruple fuel types in future studies because binary TPL-diesel blends have 

0% oxygen content. The addition of biodiesel, alcohol, liquid waste or metal-oxide 

nanoparticles can increase the oxygen content, reduce emissions, and improve combustion 

quality in comparison to the binary fuels. 

2.12 Summary of literature review  

Different result obtain in literature showed that use of waste tire and engine oil for the process 

of pyrolysis together is  increasing conversion rate and quality of product and also possible to 

use such pyrolyzed fuel from WTEO for many purpose like cooking, industrial and also for 

engine performance with different blend ratio. From many experimental result fuel produced 

from waste tire and engine oil have related property with conventional diesel.  

2.13 Research gap  

From the above review, we can conclude that all types of WTEO convert into hydrocarbon 

fuel by pyrolysis. pyrolysis of solid waste with liquid waste enhances the conversion and fuel 

quality (Wang et al., 2022). This thesis, particularly considers a fuel produced from mixed WT 

and WEO as almost all researchers‟ works on one type of waste either WT or WEO, but not 

the mixed. This is as a gap or limitation why we can try to work on both types of mixing, 

further for engine performance, this research solves this gap.  
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CHAPTER THREE 

MATERIAL AND METHODS 

3.1. Material and Tools  

Several materials are required in order to accomplish this goal. The various tools and 

techniques for component development and testing are covered in this chapter.   

3.1.1 Material 

Materials utilized in this study include the following  

 Sheet metals 

 Circular pipe 

 Rectangular pipe 

 Control valve  

 Gasket  

3.1.2 Tools   

 Thermocouple   

 Baker 

 Cutter, driller, welder  

 Electrode  

 Hammer  

 Meters 

3.2. Methods 

3.2.1 Overall Process  

The flow diagram outlines of the thesis overall procedure.; 
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Figure 3. 1: General process layout of the thesis 
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3.3 Experimental Setup of small WTEO pyrolysis plant 

WTEO gathered from the Adama town is separated, cleaned, and shredded into portions 

before being fed into a reactor that has been fired by a furnace. Condensation is carried out in 

two steps. The non condensable vapor from the heat exchanger is condensed in secondary 

condensation utilizing distillation cooling after the initial condensation is completed in water 

stored tanker and a copper heat exchanger. Through a tube that is installed at the top of the 

reactor, the decomposed pyrolysis gas is introduced to the condenser. The condenser is 

designed as a heat exchanger with circular flow. As a result, condensate is discharged from 

one end while the pyrolysis gas is delivered into the condenser coil at the other. In contrast, 

cooling water is kept in water tanks. Finally condensed fuel stored in the receiver.  

 

 

Figure 3. 2 Schematic of small scale plastic pyrolysis plant 
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CHAPTER FOUR  

ANALYTICAL DESIGN   

4.1 Design 

4.1.1. Reactor design   

The quality of heat transmission, mixing, the duration of the gas and liquid phases, and the 

escape of primary products are mostly influenced by the reactor type. The principal breakdown 

products' escape dynamics are determined by the reactor geometry; therefore various reactors 

produce products with varying quality and quantity. There are two groups of reactors that are 

employed in the pyrolysis of WTEO, depending on the technique for feeding and product 

removal or the design of the bed.  

The type of reactor that will be built for this study is a fixed bed batch reactor. Due to the 

permanent nature of the bed and the batch feeding method employed, all of the raw material 

must be cracked after the reactor has been loaded with the tire and motor oil feedstock. 

4.1.1.1. Size of rector shell       

The pyrolysis reactor was designed to use the vertical cylindrical cross section with a shell-

like shape. The base of the reactor, which is the bottom end, is circular and smooth to provide 

a better rate of heat transmission. The reactor was designed to operate at normal air pressure. 

The connection of pipes to direct vapor to the condenser, the installation of thermocouples, 

and the discharge of residue are all suggested at specific points.  

The reactor volume looks to be greater if the reactor size is set to be able to handle all of the 

tire and engine oil waste produced in Adama town. Therefore, a reactor vessel with a volume 

of 10 liters is chosen. 

𝑉=𝜋𝑟2
ℎ                                                                                                                            4.1   

The geometry of the reactor vessel is designed to have an internal diameter of 180 mm and a 

height of 300 mm based on the chosen volume of the reactor vessel and equation 4.1 above. 

The reactor vessel's proper standard diameter is 172mm.   
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Note that the density of tire and lubricating oil feed stocks are (William D. Callister, 2001):  

   𝑟  840kg/m
3 

             
3 

 𝑉   
 

 
                                                                                                                      4.2 

According to equations 4.1 and 4.2 above regarding reactor vessel volume, the reactor is 

capable of handling 6.4 kg of tire and motor oil at a time, independently.  

Reactor shells are made thick enough to resist the pressure inside the reactor vessel. (Robert 

W.Serth, 2007). 

                                                                                                   4.3 

Where 

             P = Inside pressure 

            Ri = inside radius of the reactor  

            ⸹ = Allowable stress  

             E = Weld efficiency           

             trs = thickness of sheet metal used for reactor shell  

Reactor pressure is equivalent to atmospheric pressure. The reactor component is made of 

carbon steel, and the form of welding to be used is a butt joint without the usage of backing 

strip. The working pressure is equivalent to 101325Pa, which is the allowed stress for the 

construction material at 4500C, but it is preferable for the design pressure to be 10% higher.  

(Eugene F., M, 2001). Therefore the design pressure equals to 111,457.5Pa, and joint 

efficiency equals to 60% (Eugene F., 2001). When all of these values are entered into equation 

4.3, the thickness of the reactor shell is changed to 0.258 mm. The thickness of the reactor 

vessel increases to 3 mm when safety factor and corrosion allowance are taken into 

consideration. 6mm is the minimum vessel thickness that is standardized. The design is 

satisfactory because the thickness is less than half the inside radius. 

4.1.1.2. Size of reactor cover  
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Reactor heads are shaped to be toruspherical to facilitate the discharge of pyrolysis gas. 

Equation to compute the head thickness (Tadesse, M., Fentahun, 2017).   

                                                                                                     4.4  

Where:      

            L = External radius  

            ⸹= Allowable stress  

            E = Weld efficiency 

trh = thickness of reactor head  

When all the data is applied, the head thickness is 0.15mm. When safety is taken into account, 

it becomes 6mm. 

4.1.2. Production rate  

Vaporize energy required WEO and tire, HV = 36,820kJ/kg  

Specific heat capacity of tire, Cp = 9,348J/kg   

Average value of latent heat of fusion of WEO and tire Hf =121.34kJ/kg.  

Heat energy required for the pyrolysis of 1kg of tire, QH = 36,820kJ  

The amount of WTEO that must be pyrolyzed is 4 kg, and the process takes 3 hours to 

complete. As a result, 5 kilograms of waste tire and engine oil must be heated until it begins to 

melt at 115 °C. 

                                                                                                                         4.5                      

          
  
    ⁄      

          

 Heat required to completely melting 4 kg waste tire and lubricating oil at 115°C,   

             
  
  ⁄        𝐽   
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Heat taken by 5kg liquid waste tire and lubricating oil till it reaches 500°C,   

              
  
    ⁄              

Heat required for pyrolysis,   

 4 =   ×  𝐻                                                                                                                                                                       4.6 

                         = 4   × 1047.62 𝐽/   = 5238.1 𝐽   

Q1 through Q4 together give the total amount of heat needed.   

   = 17,756 𝐽  

Take 17,800 kJ  

The rate of heat transmission is equivalent to,   

   
                   

          
                                                                                                            4.7 

          
       

  
        

  
 
⁄          𝑤       

Pyrolysis gas production rate:  

   
                 

                  
                                                                                                           4.8 

                
  
 
⁄          

  
 ⁄   

4.1.3. Design of Condenser   

4.1.3.1. Sizing of a Coil Heat Exchanger  

A schematic drawing of the condenser is shown in Figure: 4.1. It comprises of an immersed 

coil heat exchanger that is mounted on the tank's lateral wall and situated at the bottom of the 

tank. Helix coil heat exchanger crosses sectional cut way view.  

4.1.3.2 Coil Heat Transfer Area  

The input parameters used to size the helical coil heat exchanger are crucial for developing 

this type of heat exchanger. The first step in this scenario is to determine the coil heat transfer 
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area, Ao using Equation 4.9. Let's assume for the purposes of this equation that the water 

coming from the coil tube's maximum input and outflow temperatures are, respectively, 450°C 

and 500°C.  

The above equation can be used to compute and quantify the thermal output of the reactor (hot 

fuel departs the reactor and is transported through a coil exchanger). 

q = 1,648 W 

Equation 4.9 was used to calculate the quantity of energy that was transferred through the coil 

HX to cool the fuel, Q and the results are shown below in terms of the mean temperature 

difference. 

      
   

  
                                                                                                                          4.9  

∆   =   𝑣 , f −   𝑣 , w                                                                                                            4.10  

Where,  

  ∆   = the variation in the coil's average fuel temperature 

   𝑣 ,f  average temperature of fuel and the average temperature of water in the tank,   𝑣 ,w.   

  ε = the efficiency of the heat transmission coefficient, which ranges from 0.6 to 0.8 but is 

typically 0.7, is affected by the coefficient of furring, which happens when thermal media are 

distributed unevenly.   

  𝐶𝑟 = the heat loss coefficient, 1.1 to 1.2  

  𝑣 , fuel = 

     
 

                                                                                                                                                                               4.11  

               = (450 + 50)/2 = 250
0𝐶  

  𝑣 , water = 
     
 

                                                                                                                 4.12  

                     = (50 + 25)/2  

                     = 37.5 
0𝐶 

Then, ∆   = 250 – 37.5 = 212.5
0𝐶       
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For these types of heat exchanges, the overall heat transfer coefficient varied between 200 to 

500 W/m
20

C (Sinnott, R. K, n.d. 2015). The needed heat transfer area of the coil heat 

exchanger can be determined by Equation 4.13 if the total heat transfer coefficient of this heat 

exchanger is assumed to be 450 W/m2 
0
C, nominal value. 

 Using the value of 𝐶𝑟 = 1.1,  

    
   

      
                                                                                                                 4.13 

       
        

             
          

4.1.3.3. Dimension of condenser coil  

High heat transfer area can be achieved by using multiple small-diameter pipes rather than a 

single large-diameter pipe. Copper tube with a nominal outer diameter of 8 mm and a 

thickness of 0.61 mm was used for this heat exchanger.  

Thus, do = 8 mm and           di = 6.78 mm  

               

 

 

 

 

 

 

4.1.3.4. Coil Pitch  

In these kinds of heat exchangers, the pitch of the helical coil, P, calculated by Equation (4.6), 

is a typical design value  (Lazova et al., 2016). 

𝑝  𝑑                                                                                                                        4.14  

Substituting the value of 𝑑 ,  

               𝑝 = 1.25 𝑥 8                    

  

  

  

  
Figure 4. 1: sectional view of condenser 



31 

 

               = 10     

4.1.3.5. Copper tube length 

The outer diameter can be used to determine the minimum necessary copper coil length, Lcoil,  

as follows: 

𝐿     
  

   
                                                                                                                           4.15  

Substituting,  

𝐿     
       

        
  1.377m 

The coil needed to make the required number of turns was approximately 1.5 m long.  

4.1.3.6. Coil Diameter  

Assuming that a coil with a diameter of 150 mm is used, the heat transfers efficiency direct 

proportional to number of turns:  

4.1.3.7. Number of coils turns  

The heat exchanger N coil number of coil turns, which takes into account the coil length and 

pitch, (Lazova et al., 2016) obtained using Equation 4.16.  

𝑁     
     

√(   
 )   

                                                                                                              4.16 

Substituting the values in Equation (4.8),  

𝑁     
    

√(𝜋       )       
 

          = 3.18                                                        

However, Ncoil just rounds the required number of coil turns to the next greatest integer, 

which is equivalent to 4 turns. 

Covered volume by coil tube, 𝑉 : 

𝑉  
 

 
𝑑 
 𝐿                                                                                                                             4.17  
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𝑉  
𝜋

 
(      )       

VC =0.00007536m
2 

4.1.3.7 Amount water in condenser, 𝑽𝒔𝒕:  

Taking into account the space taken up by the coil tube and the necessary 0.02 m
3 

volume of 

water in the tank, the following can be calculated:  

𝑉   = 𝑉  + 0.01 3
                                                                                                              4.18       

= 0.0200736  3
 

4.1.4 Coil Heat-Transfer Analysis  

The hot water temperature flow through the coil was previously thought to be consistent in 

order to size coil HX parameters, although it changes during the operation at any given time. 

4.1.4.1 Heat gained by copper coil tube   

Equation describes the rate of total heat exchanged throughout the full length of the coil, Q, 

expressed in terms of the logarithmic mean temperature difference (ΔTLMTD)  (4.13) 

(Lazova et al., 2016). 

   =   ∗    ∗ Δ 𝐿𝑀 𝐷                                                                                                           4.19  

4.1.4.2 Overall heat transfer 

The three thermal resistances that are connected to the outer coil surface and used to describe 

the overall heat transfer coefficient, U, are as follows (Mohan et al., 2017).  

    
 

  
 (

 

          
 

 

         
  
  

  
 

 

          
)                                                            4.20 

  

The outer surface area of heat exchanger,     

   = 𝜋𝑑 𝐿                                                                                                                            4.21 

The inner surface area of heat exchanger,     

   = 𝜋𝑑 𝐿                                                                                                                             4.22                   
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The word Rt refers to the overall thermal resistance that is produced by adding the thermal 

resistances brought on by forced convection inside the coil, conduction across the tube's 

thickness, and natural convection outside the coil. Similarly, ho and hi stand for the heat 

transfer coefficients of forced and natural convection, respectively, kc for the copper tube's 

thermal conductivity, and di for the coil tube's outer and inner diameters.  

4.1.4.3 Inner Convection Heat Transfer Coefficient  

As per (Cuiping, L., Jianqing, D, 2007) The inner Nusselt number correlation of Equation 4.23 

allows us to express the inside coil heat transfer coefficient, hi, as follows  (Kakaç et al., 2002) 

𝑁𝑢  = 0.0397(𝑅 ) 0.784
(𝑃𝑟) 0.3

                                                                                              4.23 

   
𝑁𝑢  𝐾 
𝑑 

 

Where, 𝑃𝑟 is the Prandtl number.  

𝑃  
    

  
                                                                                                                             4.24 

In Refs (Kakaç et al., 2002) The curvature ratio corresponds to the critical Reynolds number 

for helical pipe flow, which determines whether the flow is laminar or turbulent, as follows:   

    𝑅        *     (
  

  
)    +                                                                                           4.25  

Calculation of coil curvature ratio, 𝛿 = 
  

  
 

 
      

     
        

On substituting the value of, 𝛿 into Equation 4.25  

𝑅  𝑟 = 7,209.515 > 4000  

Therefore, forced convection and turbulent flow exist inside the coil tube, according to 

Equation 4.25.  

4.1.4.4 Outer Convection Heat Transfer Coefficient  
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The outer natural convection heat transfer coefficient was calculated using the correlation 

stated in Eq. 4.26 using the tube outer diameter as the characteristic length (Cuiping, L., 

Jianqing, D, 2007).  

                                                                                                4.26  

Terms: Rayleigh number, 𝑅   p𝑟                                                                           4.27 

Grashof number,   
      

 

  
                                                                                           4.28  

Where, g = gravity = 9.81, m/s
2
  

            𝛽 = thermal expansion cofficient  

             ∆  = difference in temperature   

              𝜐 = Kinematic viscosity   

Equation 4.29, is then used to compute the pipe-outer heat transfer coefficient 

    
     

  
                                                                                                                         4.29  

4.1.5 Equation of energy balance   

Equation 4.30 provides the total energy balance of any vapor-fluid 

heat exchanger that satisfies the first law of thermodynamics (Kuppan,T, 2000) . 

  =    Δ 𝐿𝑀 𝐷 =    f𝐶𝑝∆                                                                                                  4.30  

This implies,  

  =    f(  ,𝑓 –  f,𝑟) =    Δ 𝐿𝑀 𝐷                                                                                        4.31  

Where:    , 𝑓 = temperature of fuel inter condenser  

              f, 𝑟 = temperature fuel outer from condenser 

                 f = mass flow rate of fuel  
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However, from the initial storage tank temperature, the final water or vapor fuel temperature 

supplied to the following loop at each time step can be calculated as follows.  

  , 𝑓 =   ,   +
     

    
  (     −   𝐿  𝑑 −   𝐿   )                                                                                4.32  

4.1.5.1 Condenser heat transfer rate  

The actual heat transfer rate of a heat exchanger can be determined using the following 

equation, Q act from an energy balance on the hot or cold fluids (Andrzejczyk, R., Muszynski, 

T, 2016). 

      = 𝐶ℎ ( ℎ, −  ℎ,) = ( w, –  w,)                                                                                         4 .33 

This implies,  w𝐶𝑝, w ( w, –  w,) =    Δ 𝐿𝑀 𝐷                                    

Where Th and Th are the respective vapor fuel temperature at the coil intake and outlet 

respectively.  mw is the mass of water, Cp,w is its specific heat capacity, and Tw,f and Tw,i are 

the temperatures of the water in its final and initial states, respectively. Ch and Cc are also the 

heat capacity rates of hot and cold fluids, respectively.  

4.1.6 Pressure Drop  

4.1.6.1 Pressure Drop in the Coil Tube  

The total pressure drop inside a coil tube is determined by the sum of three resistances, such as 

resistance along the pipe, resistance to bending, and resistance to the import and export of 

connecting tube fittings (Sadic, 2002). 

4.1.6.2. Pressure drop along the Pipe  

The following equation can be used to compute the resistance along the pipe, ∆pi:  

  𝑃  
         

 

   
                                                                                                                   4.34  

This formula can be used to calculate the friction factor, f, for turbulent flow inside a tube 

using the Reynolds number (Amitkumar,S.,Andhare,A.M, 2015)  

𝑓  
   

   
                                                                                                                                   4.35  

Calculation of internal Reynolds Number, 𝑅    
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𝑅   
      

 
                                                                                                                           4.36 

The terms,  ℎ is hot water density (820𝐾  −3
),   is the dynamic viscosity (0.00006 

 

 ⁄ ), 

 𝑑  = 0.00678  and 𝑉  is velocity of vapor fuel rate inside the tube assumed to 0.5 m/s 

(Verechshagin,O.,  Mukasheva,T., 2016) 

On substituting the values:   𝑅   = 7,209.515 and = 0.0397 into Equation 4.34.  

                               𝑃  
      ∗   ∗   ∗    

 ∗       
                                       

                                 = 900.3 𝑃         

4.1.6.3. Pressure Drop in Bends  

The total pressure drop in a curve is calculated as the sum of the frictional head loss due to 

bend length, curvature, and excess pressure drop in the downstream pipe as a result of velocity 

profile distortion. The equation below provides the determination (Sadic, 2002). 

 𝑃  𝐾
   

 

 
                                                                                                                 4.37  

The total loss coefficient, K, is expressed as follows:  

     𝐾  
       

  
 𝐾                                                                                                              4.38  

Here, K∗ is the loss coefficient, and the suggested value for a turbulent flow is provided as 

follows:                    

𝐾∗     *          (
 

  
)  +                                                                                           4.39  

Where:  

                                                                                                                       

 B (𝜑) = 

{
 

 
                                                        
                                               

             (
 

  
)                  
 

                                                            4.40  

 𝐷   
  

  
  

                  

                
                                                                              4.41 
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Where: 𝑓 = friction factor  

            𝐾∗ = loss coefficient  

           𝐷ℎ = hydraulic diameter for pressure drops, with a value for a circular tube equal to the 

inner diameter of a coil tube, 𝑑   

            𝑅 = curvature radius, (𝐷 /2)  

              𝑟 = internal radius, m  

             𝜑 = angle bending tube, in degree   

Taking, 𝑅  = 7,209.515   = 360
0
, R = 0.075m, 𝐷ℎ = 0.00678  and 𝑓 = 0.0397  

Substituting: (𝜑) = 0.7 + 0.35sin (𝜑/90)                 𝑓 𝑟 𝜑 ≥ 70
0
  

                               = 0.7244   

                          ∗ =B (𝜑) [0.051 + 0.38(
 

  
)  ]    

                               = 0.06183   

Then, total loss coefficient          

 𝐾  
       

  
  ∗  

 ∗      ∗   

       
         

                          = 35.2  

Insert the above into equation (4.42)  

 𝑃  𝐾 
  
 

 
     

   ∗    

 
                                                                                                   4.42 

                                Pa 

4.1.6.4 Pressure Drop in the Fittings  

Total loss coefficient is used to compute the pressure drop at the fitting on the connecting 

tubes for import and export  (Cuiping, L., Jianqing, D, 2007) . 

 𝑃     
   
 

 
    

   ∗    

 
                                                                                                4.43  

                             =153.75 
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The coil overall pressure drop, P, is then:  

∆𝑃 = ∆𝑃  + ∆𝑃𝑏 + ∆𝑃𝑓                                                                                                         4.44  

          =900.3 + 3608 + 153.75  

          = 4662.03 Pa            

This result is acceptable because the overall pressure drop is less than the maximum value that 

a helical coil may experience, which is 0.3 * 10
5
 Pa (Cuiping, L., Jianqing, D, 2007). 
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CHAPTER FIVE  

EXPERIMENTAL SETUP AND PROCEDURE 

5.1. Components of pyrolysis plant     

Using the materials and tools mentioned parts of WTEO pyrolysis setup are listed.  

Reactor shell: The reactor shell has a welded conic at its upper edge and is shaped like a 

cylinder. The reactor shell bottom end is shaped like a flat surface. Similar to this, the reactor 

cap has a conical form with a hole in the center to allow pyrolysis vapor hydrocarbon to pass 

through and reach the condenser. As a result, a tiny vent for installing thermocouples is also 

provided on the reactor cover.    

Condenser: The condenser is a circular coil copper tube filled with water through which the 

reactor gaseous output travels. The liquid hydrocarbon has now been sent to the receiver, and 

the gaseous hydrocarbon which has not yet been condenser is transferred to the second 

condenser and receiver, which also serves as a distillation cooling device. In contrast to the 

first condenser and receiver, the second condenser and receiver consist of a metal water 

container that is filled with water. With several experiments, the gaseous hydrocarbons at a 

temperature of around 450–600 °C were condensed to a temperature of 30–50 °C.    

Receiver: Within the liquid form condensed pyrolysis gas is gathered within the receiver. The 

condensed liquid fuel is delivered to the second condenser and receiver.   

Thermocouple: It is employed to gauge the temperature of water used as a condensation 

medium. The majority of the literature on waste tire and engine oil pyrolysis advocated 

keeping the water temperature below 25 °C in order to raise the temperature of the gaseous 

hydrocarbon to 40°C. In order to help with this task, this thermometer measures the water 

temperature. 

Weight balance: As the raw material (waste) contains various forms of municipal solid and 

liquid wastes, it is used to quantify the precise mass of feedstock for proper weight percentage. 



40 

 

   

Figure 5. 1: Basic component of pyrolysis plant 

5.2. Basic step for pyrolysis oil  

 Collecting waste material 

 Preparing experimental setup 

 Production of oil by thermal pyrolysis 

 Purification and filtration  

 Fuel characterization 

 Fuel blending procedure 

 Testing the performance in diesel engine 

5.2.1 Collecting waste material 

Five basic tasks: 

Collecting and preparation of feedstock:  

The samples of WTEO were collected from garage which found in Adama town around 04 

kebele. Collected samples were washed by soap and water and dried out in the 24 hour in case 

of WT and filtered in case of WEO. The material was manually filtered to establish its 

composition before being cut into roughly 5 to 10 mm sized pieces for the shredding process 

using a shredder machine found in a mechanical workshop. The major steps in sample 

preparation are listed below. 

 Gather of WTEO. 

 Removing steel wire.  

 Shredding tire. 

Reactor  Condenser  Furnace  
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 Pyrolysis process.  

5.2.2. Experimental set up.  

The next step is to set up the pyrolysis apparatus following the collection and preparation of 

the required materials and wastes added to reactor. The batch reactor used in this experiment's 

pyrolysis setup is seen in Figure 5.2. It consists of a stainless steel reactor with a length of 250 

mm, an internal diameter of 200 mm, and an exterior diameter of 250 mm that is sealed at one 

end, and an output tube at the other end for collecting the reaction's volatile/gas/oil products. 

Every piece of equipment on the reactor is carefully sealed so that nothing leaks into the 

environment outside or inside. To stop the back leak of gaseous hydrocarbons during 

pyrolysis, combine and then add the weighted feedstock to the reactor. 

 

Figure 5. 2: Schematics of pyrolysis setup 

5.2.3 Production of oil by thermal pyrolysis  

The produced feedstock was subjected to a three hour slow pyrolysis process at temperatures 

between 300 and 600 °C without oxygen in a cylindrical batch reactor. However, the 

temperature gradually rises from about 25 
o
C to between 300 and 600 

o
C. The waste feedstock 
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can slowly fracture into gaseous form as the temperature rises, and the gases can then be 

condensed into liquid fuel, char, and minor escape gases. This is the main focus of the work. 

Batches of feedstock can be introduced to the reactor and heated until the required 

temperature, both in terms of quantity and quality is obtained. After pyrolysis, the quality and 

amounts are examined using weight percentage.  

 

Figure 5. 3: Crude pyrolysis oil 

5.2.4. Purification and filtration 

Pyrolysis in the receiver resulted in contaminated fuel. There were wax, grease, and other 

contaminants. Consequently, the following procedures were used to remove the contaminants.  

 Separation through gravity. 

 Filtration.  

Separation through gravity is the fundamental procedure. In this technique, impure fluid is 

poured into a container, where it separates into two layers with the bottom layer acting as a 

funnel after a while. Therefore, when liquid is poured, the denser liquid will settle in the 

bottom layer, most likely where water was discovered. Then, right above the water, a pale 

greenish-yellow waxy and greasy substance was discovered. Finally, the majority of the 

WTEO fuel is visible at the upper part layers. Thus, by opening the bottom valve, all the 

undesirable materials were eliminated, and the upper left fuel is then processed further. 
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Figure 5. 4: Gravity separation processes 

In case filtration the substances that are colloidal can be eliminated. The molecules smaller 

than the holes on the filter paper will pass through paper consequently, the varying sizes of 

tiny holes provide more clean fuel. 

  

Figure 5. 5: Filtration processes 

5.2.5 Characterization of liquid fuel  

The WTEO fuel that would be put to the test in these trials was characterized. In accordance 

with the ASTM protocols for petroleum products in the ASTM, 2002 book, fuel attributes of 

the tested samples were assessed. However, different liquid fuel qualities were evaluated and 

Before waxy removed After waxy removed 

Filter paper 



44 

 

compared with expected results before different liquid fuel properties were characterized 

under operating settings that had a greater yield.  

Percentage of char estimated as a percentage of the mass change between the contents of the 

sample boat before and after the experiment using Equation 3.2 below. 

 𝐶  𝑟  
  

  
                                                                                                                   3.1 

Where:   

             Char = Yield of char (wt. %)                       

The gas yield (NCG and wax) was determined by subtracting the sum of the condensable 

volatiles and char yields from 100 weight percent, as shown in equation 3.3 below. 

𝑁𝐶    𝑑 𝑤 𝑥      (    𝑢𝑑         𝑟)                                                                     3.2 

The total conversion, or the portion of the feed that transforms into products throughout the 

pyrolysis process, was calculated using equation 3.4 below. 

𝐶  𝑣 𝑟      𝑓𝑓      𝑦  
(     )

  
                                                                             3.3 

Where:  

                     WC= char weight (kg). 

                     WS= feedstock weight (kg)  

The percentage yield of liquid fuel can be determined using equation 3.5 below using the 

condensed liquid and feedstock.  

    𝑑  𝑓     𝑢𝑑 𝑓𝑢   ( 
  
  
⁄ )                                                                               3.4 

Where:  

                           W1= Condensable fuel weight (kg). 

                           WS = Feedstock weight (kg).  

After each run, the reactor was emptied to collect any remaining liquidified oil (wax) and char 

products on its interior walls. The amounts of non-condensable (NC) gas and wax product 
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from the experiment were then estimated using the corresponding masses measured after 

weighing the samples as shown in equation 3.6. 

(𝑁𝐶    𝑑 𝑤 𝑥)  𝑤  𝑝𝑦𝑟  𝑦    𝑓  𝑑        (     𝑟       𝑢 𝑑 𝑓𝑢  )          3.5 

The purified fuel characteristics, including density and kinematic viscosity, flash point and 

pour point were evaluated using ASTM standards. 

5.2.5.1 Density  

The oscillating sample tube of the density meter was filled with a little amount of liquid 

sample. The increasing mass of the tube generated a change in the tube oscillating frequency, 

which was utilized along with calibration data to determine the density of the sample.  

Using the relation below, density can be calculated.  

  
      𝑓    𝑢 𝑑    𝑝   

𝑣  𝑢    𝑓    𝑢 𝑑    𝑝   
 

The density of a 100ml volume can be determined using the above relationship and a precision 

analytical balance that can measure up to 83.8614 g. The ambient temperature should be 

considered in this situation. 

  

Figure 5. 6: weighing balance for density measurement 

5.2.5.2. Viscosity 

A fluid viscosity is a gauge of how resistant it is to flowing inside. Temperature affects 

viscosity, which decreases as temperature rises. The most crucial quality for fuel oil storage 

Mass of baker Mass of baker and oil 
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and use is viscosity. It affects how much pre-heating is necessary for handling, storage, and 

effective atomization. If the oil is overly viscous, it could be challenging to handle, pump, and 

light the burner. Carbon deposits could build up on the walls or the burner tips as a result of 

poor atomization. As a result, pre-heating is essential for effective atomization. Each type of 

oil has a unique relationship between temperature and viscosity. An instrument known as a 

viscometer is used to test viscosity.  

The viscosity was measured using the capillary viscometer manual's measurement standard 

and the amount of time required for a given volume of liquid to flow under gravity through a 

typical capillary tube.   

Kinematic viscosity is the type of viscosity that is necessary. Kinematic viscosity is a 

measurement of a fluid natural resistance to flow in the absence of any external forces, with 

the exception of gravity. It is a force-independent quantity that is the dynamic viscosity to 

density ratio. By dividing a fluid's absolute viscosity by its mass density, one can determine 

the fluid's kinematic viscosity. 

 

 

Figure 5. 7: viscosity measurements by viscometer 

 

𝑑𝑦      𝑣       𝑦(𝑉)  𝐾 ∗   

Where                                                                                                          

                     K= viscometer instrument constant                                                             
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                      t= time taken between two line (A to B) 

5.2.5.3. Flash point 

The lowest temperature at which a product emits just enough vapor to create a combustible 

combination with air is known as the flashpoint. Diesel engine performance is not directly 

correlated with the flashpoint of the fuel. However, it is crucial in relation to the legal 

requirements and safety precautions for handling and storing fuel. Standards for goods: 

handling, transit, and storage, as well as compliance with insurance and fire regulations. Using 

ASTM D93, standard test procedures, the flash points were measured with a pen sky martens 

closed cup tester.  

The equipment and techniques involve heating a sample of fuel that is comparable to diesel 

under controlled conditions in a closed cup, adding an ignition source, and checking to see if 

the heated sample fuel is flashing. The flash point is the temperature at which the sample 

diesel like fuel flashes. 

 

Figure 5. 8Apparatus for determination of flash point 

5.2.5.2. Cloud point 

The cloud point of a petroleum product, which is determined using an ice pack as shown in 

Figure 5.9, is an indicator of the lowest temperature at which it is still useful for some uses. 

The following mixtures are frequently used for temperature reduction:- 

             I. Mixture of water and ice up to, 100
0
C. 

            II. Sodium chloride and ice, up to, - 120
0
C. 

            III. Calcium chloride and crushed ice up to – 260
0
C. 
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Applying a typical test procedure for petroleum products, cloud point was determined. When 

the normally clear gasoline was being cooled under precisely controlled conditions, the cloud 

point was found by visually checking for a cloud in the fuel. The temperature (
0
C) associated 

with the first cloud formation in the fuel was recorded while the sample was being constantly 

monitored. 

5.2.6. Ratio of fuel blending  

Concentration ratios and liquid type were used to establish the blend process. Purified fuel and 

pure diesel in various proportions were the blending ingredients.B10 (10% fuel and 90% 

diesel), B20 (20% fuel and 80% diesel), B30 (30% fuel and 70% diesel), and B40 (40% fuel 

and 60% diesel) are the various blends available. The results of each fuel blending were 

performance and emission experiments were tested on single-cylinder diesel engines. 

 

Figure 5. 9: Fuel blending 

5.2.7. Engine performance test 

Performance characteristics are carefully tested in this area. The School of Mechanical and 

Electrical Engineering at Addis Ababa Science and Technology University used the TBMC3-

02 Computer Controlled Test bench for a single-cylinder diesel engine to conduct the engine 

performance test. The test apparatus is quite current; all test results, including those related to 

the exhaust or emission qualities, are directly read from the computer, which is built into the 

test bench. The essential components of the machine, which make up the entire test stand, are 
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represented in figure 3.10 below. They include an air-cooled diesel engine (1), an 

asynchronous motor (2), a fuel tank (3), a SCADA software control system (4), a computer 

(5), and an exhaust gas analyzer (TBMC_AGE) (6). 

 

Figure 5. 10: Single cylinder diesel engine set up 

In this study, pure diesel fuel and a mixture of WTEO oil and diesel fuel (10%, 20%, 30%, and 

40% by volume) were put to the test. The same engine was used for both the performance and 

emission tests for each fuel, which means that as soon as the engine started running, the 

computer utilizing the integrated software began to record both the performance and engine 

emissions. The fuel tank is filled with fuel once the engine condition and lubricating oil level 

have been checked. Then the engine is started, and the test bench is used for the experiments. 

5.2.7.2. Exhaust gas analyzer 

Currently, one of the biggest poisoning agents is internal combustion engines.  Despite not 

being individually representative, the pollution values are a harmful focal point when 

discussing all of the groupings.  We are able to measure the concentration of various gaseous 

pollutants that are released into the atmosphere by a focus using a gas analyzer device 

consistently. The gas analyzer is shown in Figure 3.9 below. 
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Figure 5. 11: Analyzer of exhaust gas 
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CHAPTER SIX 

RESULTS AND DISCUSIONS 

This section presents the experimental study includes: the percentage yield of WTEO, 

characterization and performance evaluation on a single cylinder internal combustion engine 

of WTEO and their blend.  

6.1 Temperature gradient and product for WTEO. 

After collected feedstock dried , WTEO was ready to pyrolysis oil production, and from 2 kg 

of WT and 2 liter of WEO, 68.75% of the oil was extracted with maximum temperature 494 

0
C. See figure 6.1 and 6.2 below for the temperature gradient and product respectively results. 

 

Figure 6. 1: Temperature gradient with time 
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Figure 6. 2: Oil received with time 

NB: Each mass of sample is in kg unless specified. 

The total weight of receiver before the experiment (R0) = 0.9Kg 

 The total weight of receiver after the experiment (R1) = 3.65Kg 

 Weight of the feed sample (WS) = 4kg,  

  Weight of char (WC) = 0.9 Kg  

The proportion of the feed that becomes products during the pyrolysis process is known as the 

overall conversion, and it was calculated.using Equation 6.1 below. 

𝐶  𝑣 𝑟      𝑓𝑓      𝑦  
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Char yield product Efficiency (wt %) 

    𝑑  𝑓    𝑟  
  

  
                                                                                                   6.3 

         𝑑  𝑓    𝑟  
   

 
      

Yield of char=22.5% 

The weight of NCG was estimated by subtracting the initial weight of WTEO from the total 

weight of the products (liquid, wax, and char). When there are no more wax and liquid 

byproducts (no more waste inside the reactor), the experiment time period comes to an end. 

Wt. of NCG and wax = wt. of total feed -⅀wt. (liquid oil +char) 

Wt. of NCG and wax= 4kg -⅀wt. (2.75kg + 0.9) kg 

                                     =0.35kg 

NCG and wax =100%- (68.5% + 22.5%) 

                           = 9% 

Therefore, this is equal to 9 wt% 

6.2 WTEO fuel and their blend characterization 

Viscosity, density, calorific value, flash point, and fire point are the most important metrics 

used to define the physiochemical characteristics of fuel made from WTEO. Viscosity, 

density, and specific gravity are additional physiochemical characteristics that describe the 

quality of fuel. Numerous factors affect the quantity and quality of fuel. After that, WTEO-

derived fuel must pass ASTM quality requirements in order to be utilized in place of 

petroleum in conventional diesel fuels. 
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Table 6. 1: Property tested fuel result 

No Property ASTM 

standard 

quality 

Results 

B0 B10 B20 B30 B40 WTEO  

1 Density (kg/m
3
 ) ASTMD

4052 

830 830 830.5 831 832 838 

2 Kinematic 

viscosity40
0
C 

(mm2 /s) 

ASTMD

445 

2.7 2.7 2.6 2.6 2.5 2.1 

3 Flash point ASTMD

93 

52 51 55 57 57 62 

4 Fire point 
0
C ASTMD

92 

56 55 57 59 58 64 

5 Cloud  point 
0
C ATSM6

75 

-3 -6 -8 -11 -12 -21 

6 pour point 
0
C ATSM6

751 

-6 -9 -13 -15 -18 -24 

The physicochemical properties of fuel that were discovered through experimentation are in 

accordance with the ASTM specification quality level, as shown in Table 6.2. The 

physicochemical properties of diesel may generally meet the standards of the petroleum 

ASTM standard. However, diesel can be utilized in place of petroleum. 

1. Density 

Density is a crucial factor in assessing the quality of WTEO fuel since it has a direct and 

indirect impact on the fuel injection system and engine performance. As shown in Table 6.2., 

the present biodiesel result has an ASTM-compliant density of 830 kg/m
3
 at 40 °C. The 

densities of diesel oil and fuel derived from WTEO of B20 were 830 kg/m
3 

and 830.5 kg/m
3
, 

respectively. The outcomes of the experiment are then in line with those of diesel made from 

WTEO of a similar value. As a result, combustion engines (CI-engines) can use WTEO-based 

WTEO fuel as a pure fuel. 

2. Viscosity 

Kinematic viscosity with diesel fuel was found to be 2.8mm
2
/sec. This proves that the 

extracted oil kinematic viscosity was much lower during the pyrolysis process and met within 

the parameters of the ASTM standard quality requirement. All WTEO dynamic fuel viscosity 

was found to be very similar to that of pure diesel (Keera et al., 2018) 
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3. Flash and fire point 

Liquid fuel sample's flash and fire points can be used to determine its flammability. The flash 

point is the lowest temperature that the test specimen can reach after being adjusted to a 

barometric pressure of 101.3 kPa. When an ignition source is offered, the test specimen vapor 

will briefly catch fire under the specified test conditions at this temperature and spread 

throughout the liquid surface. The flash point value is not a physical constant, but rather the 

result of a flash point test that depends on the equipment and techniques used, and this is 

crucial to comprehend. The lowest temperature at which vapor combustion and burning begin 

is known as a liquid's fire point (Sundar et al., 2019). When an ignition source is employed, a 

fire point is produced. The heat produced by the fire point is self-sustaining because it creates 

enough vapors to mix with the air and keep burning long after the ignition source has been 

switched off. 

4. Cloud and pour point 

It is generally known that WTEO fuel has higher cloud point and pour point related to pure 

diesel (Sundar et al., 2019). However, WTEO has very low cloud and pour points, which make 

this, fuel an excellent substitute in cold weather. WTEO is therefore suitable for engine 

operation, especially in cold weather conditions, due to the lowest value of cloud point and 

pour point. 

6.3 Engine performance analysis 

Brake torque, brake power, and brake-specific fuel consumption were used to assess the 

engine performance when running on diesel and WTEO fuel blends combined with diesel. 

Various engine speeds were used during the studies. Because engine speed varies, variables 

like brake power, brake torque, and brake-specific fuel consumption were assessed for various 

engine speeds. 

6.3.1 Brake power (Pb)  

Brake power is a key measure of an engine performance potential since it shows the highest 

amount of engine power that can be used for braking. It is assessed using a dynamometer, a 

tool that loads the test engine while it is running at full speed. As the load grows, engine brake 
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power initially rises, followed by a slightly decline. In Figure 6.3, the overall trend of braking 

power versus load is shown. The blend ratio WTEO content increases when the brake power 

drops. This might be the result of WTEO's reduced calorific value compared to pure diesel 

fuel. The measured values from the tests indicate a reduction in brake power of 1.14%, 3.04%, 

24.44%, and 31.55% for B10, B20, B30, and B40 respectively, when compared to B0 (pure 

diesel) at 3500 engine speed. B10 and B20 have almost similar brake power with pure diesel 

fuel.  

 

Figure 6. 3: brake power vs Engine speed 

6.3.2 Brake torque (Tb)  

The performance of fuel in the engine combustion chamber is also measured using a quantity 

called brake torque. As shown in Figure 6.4, the measured data from the test show that the 

braking torque is highest at medium part load and gradually decreases as engine load is 

increased. Additionally, the brake power diminishes as WTEO is added to the blend. The 

increased viscosity of WTEO fuel, which caused a decrease in brake torque, is one of the 

WTEO's fuel characteristics that might be blamed for this issue. At 3500 engine speed, the 

measured values indicate a decrease of 4.26%, 5.39%, 16.27%, and 16.95% for B10, B20, 

B30, and B40, fuel samples respectively, when compared to pure diesel fuel. B10 and B20 

have almost similar brake power with pure diesel fuel. 
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Figure 6. 4: brake torque vs Engine speed 

6.3.3 Brake specific fuel consumption  

Specific fuel consumption can also be read directly from the test bench, just like brake power 

and torque. The ratio of fuel burned per hour to brake power is known as the engine's brake 

specific fuel consumption. As the engine speed or braking power rises, the bsfc falls. This is 

due to the fact that as power grows, cylinder temperature rises, the delay time shortens, total 

combustion timing lengthens, and fuel is burned properly. However, this is only true up to a 

point after which it starts to rise. The bsfc for pure diesel and WTEO fuel blends with diesel 

decreased with increasing engine speed, as illustrated in (Figure 6.5). When the engine speeds 

above the limit at which the engine braking power was at its peak, the bsfc began to rise, 

which is a typical tendency of the bsfc curve for the CI engine. This demonstrates that the bsfc 

of pure diesel and WTEO mixes both decline and follow a steady path up to the maximum 

brake power before beginning a tiny increase. Comparing bsfc of the two fuels (pure diesel 

and WTEO blends): 1.4%, 4.65%, 19%, and 24% for B10, B20, B30, and B40, fuel samples 

respectively. The pure diesel bsfc is lower than blends of WTEO in all level of engine speeds 

but bsfc of 20% blending is closer to pure diesel bsfc  
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Figure 6. 5: Bsfc vs engine speed 

6.4 Exhaust gas characterization 

When applying diesel and WPO blends with diesel, the engine's emissions were assessed in 

terms of nitrogen oxides, carbon monoxide, carbon dioxide, and unburned hydrocarbons. 

6.4.1. Nitrogen oxide emissions: 

In diesel engines, NOx is primarily produced by three factors: thermal, prompt, and fuel-

bound nitrogen. When diesel and alternative fuels are burned, one of the sources of nitrogen 

for the production of NOx is atmospheric (molecular) nitrogen. The phrase "thermal NOx" 

refers to NOx created in the combustion chamber when nitrogen (N2) is heated to high 

temperatures and then oxidized. Diesel engine NO emission generation is influenced by the 

following crucial variables: cylinder temperature, air/fuel ratio, oxygen concentration, and 

reaction residence time (Tan et al., 2012). When WTEO fuel is added to a pure diesel sample, 

NOx emissions for the studied sample indicated a small rise. When compared to pure diesel 

fuel, all blend-containing fuel samples exhibited an increase in NOx emission at all engine 

loads for all WTEO blend concentrations, though it was still somewhat greater. Figure 6.7 

illustrates the fluctuation in NOx emission with engine load. At 3500 engine speed, the NOx 

emissions increased by 0.1% ppm, 0. 92% ppm, 13.53%, and 19.69% for the B10, B20, B30, 
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and B40 fuel samples, respectively, when compared to pure diesel. Even if maximum 

increment at this engine speeds, B10 and B20 have closed result with pure diesel. 

 

Figure 6. 6: NOX emission characteristics 

6.4.2. CO emissions:  

Carbon content, oxygen content, and the fuel's combustion properties all affect the amount of 

carbon monoxide (CO) that is released into the atmosphere. When the fuel is burned, the 

carbon atom in it combines with the oxygen to produce CO up, which later transforms into 

CO2. However, a lack of oxygen would likely result in incomplete combustion, which would 

raise the level of CO emissions (Karthikeyan et al., 2020). Figure 6.8 displays the fluctuation 

in CO emission content as a function of load.  According to the recorded data, CO emissions 

dropped as engine speed increased. On the other side, the CO emission has dropped as the 

proportion of WTEO fuel in the blend has increased at all loads. This is because the WETO 

fuel has a high oxygen content, which promotes full combustion. At 3500 engine speed 

condition the CO emission decreased by 1.98%, 4.65%, 16.28%, and 20.3% for B10, B20, 

B30, and B40 respectively when compared with pure diesel fuel. B10 and B20 have almost 

similar CO emission characteristics as pure diesel fuel.  
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Figure 6. 7: CO emission characteristics 

6.4.3. CO2 Emission:  

A sign that the fuel has been burned completely is the release of CO2. For all of the test fuels 

with varied engine speeds, the emission was shown in Figure 6.9. As the engine speed 

increased, it was found that the CO2 emissions increased as well. Additionally, the addition of 

WTEO to fuel led to a complete combustion, which in turn produced increased carbon dioxide 

emissions. This is because a complete combustion requires a certain amount of oxygen, which 

is present in more fuel in WTEO blending. .At full load (3500 rpm) engine speed condition the 

CO2 emission got increased by 0.5%, 2.56%, 7.69%, and 15.38% for B10, B20, B30, and B40 

when compared to pure diesel. B20 blend showed better CO2 emissions with pure diesel, but 

as CO2 emissions are an indication of better and nearly full combustion, an increase in CO2 

emissions is beneficial from the standpoint of performance and efficient combustion. 

Additionally, it is a compensation for the decreased CO emission. 
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Figure 6. 8: CO2 emission characteristics 

6.4.4. Hydrocarbon emissions: 

HCs are a sign of incomplete combustion because they show up as unburned or just partially 

combusted fuel molecules in the released gases. Figure 6.10 displays the trend of the HC 

emission in relation to engine load. Due to a more complete combustion at increasing loads, 

when the engine operates at its designed or nearly optimal state, HC emission reduces as load 

increases. Due to additional oxygen in WTEO, which increases complete combustion, the HC 

emission decreased at all engine loads as the proportion of WTEO in the blend ratio increased. 

If complete combustion is occurring, a lower amount of unburned hydrocarbons will be 

present in the exhaust gases. The test results demonstrate an increase of 1.2%, 2.38%, 10.3% 

and 19.2% for B10, B20, B30 and B40 respectively when compared with pure diesel HC 

emission. Here B10 and B20 showed better HC emission which is closed to pure diesel 

emission.  
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Figure 6. 9: HC emission characteristics 

 6.5 Cost Analysis of waste tire and engine oil pyrolysis  

The initial investment for manufacturing the newly developed WTEO pyrolysis material cost  

is summarized in Appendix C table c.1. 

6.6 Economic Analysis  

The economic analysis is computed in this section, including the net cash flow rate, the initial 

investment needed, saving income from pyrolysis for fuel, the net present value, and the 

payback period. Since the value of all financial investments is ultimately determined by the 

value of cash flows paid and received, the expected cash outflows and cash inflows are the 

recommended inputs.  Cash inflows such as increased cash from consumers, decreased cash 

outflows related to running costs, etc. Cash outflows such as initial investment, maintenance 

and repair, higher operating costs, overhauling of equipment, etc. Because the proposed 

project is acceptable when net present value is zero or positive, the determination of net 

present value is required.  The presented project is unacceptable if the net present value is 

negative. It is necessary to determine the project's overall cash flow before calculating the 

NPV.  
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Cash out flow  

 The  initial  investments  needed  for  pyrolysis of WTEO application  such  as  

construction  of  experimental setup  and  installation  of  the system for all system 

should be determined. From experiment for pyrolysis 4Kg of the WTEO 2Kg of wood 

charcoal is consumed for 3 hours.  So annually it becomes 32birr/day ×365days = 

19,710ETB.  

  The cost of newly developed set up is 5985ETB. 

 Cost for purchase WTEO 100birr/day × 365days= 36500ETB 

 During the fuel preparation process, 50 liters of water are used for condensation and 

cleaning. The cost for 50 litter of water is then consumed, and it costs 6 Birr annually 

will be 6 birr/day ×365 day= 2190ETB 

Cash in flow  

 Savings from selling the char WTEO for asphalt bitumen annually 10,000ETB. 

 Fuel extracted from 4kg of WTEO is 1.91liter , so 7.64 liter can be extracted per day 

and annually it becomes 458.4birr/day× 365days=167316ETB 

See the appendix C table C.2 the net annual cash flow in pyrolysis of WTEO is 115316ETB.  

i.e. 𝑁      𝑢      ℎ 𝑓  𝑤 =    𝑢      ℎ   −    𝑢      ℎ  𝑢  𝑓  𝑤 

𝑁      𝑢      ℎ 𝑓  𝑤 = 177316 − 64385ETB 

=112931ETB 

Payback period  

The cash payback period establishes how long it will take for the investment's net yearly cash 

inflow to equal the cost of the capital investment (the initial investment) for pyrolysis WTEO.   

𝐶  ℎ 𝑝 𝑦𝑏    𝑝 𝑟  𝑑 = 𝐶     𝑓  𝑝       𝑣        ÷ 𝑁      𝑢      ℎ 𝑓  𝑤 

𝐶  ℎ 𝑝 𝑦𝑏    𝑝 𝑟  𝑑 = 64385𝐸 𝐵 ÷ 112931𝐸 𝐵 

𝐶  ℎ 𝑝 𝑦𝑏    𝑝 𝑟  𝑑 = 0.57  ea𝑟 

The payback period is less than a year, and the more attractive the project is, the shorter the 

payback period.  
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Determine the net present value (NPV)  

𝑁𝑃𝑉 = −𝐼         𝑣        +
                    

(   ) 
 

𝑁𝑃𝑉 = − 64385 +
      

(      ) 
 

𝑁𝑃𝑉 = 33815.86𝐸 𝐵. 

Due to the fact that the investment is more attractive the larger the positive NPV (project). 
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CHAPTER SEVEN 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Summary 

This study looked at the viability of using WTEO as an alternative fuel and substitute for 

diesel fuel and the effects of mixing WTEO with different amounts of diesel (B0, B10, B20, 

B30, and B40) on the fuel characteristics, engine performance, and emissions characteristics. 

The test was carried out on a single-cylinder direct injection diesel engine using WTEO fuel 

that was created by pyrolyzing waste tire and engine oil gathered from Adama town. All 

blend fuel characteristics, including density, kinematic viscosity, flash point, fire point , cloud 

point and pour point were assessed and compared with those of diesel. Additionally assessed 

are engine performance parameters like brake power (Pb), brake torque (Tb), brake specific 

fuel consumption (bsfc), and emissions metrics like CO, CO2, HC, and NOx.  

7.2 Conclusion 

The idea of waste to energy specifically converting it into a useable energy source, force us to 

locate a specific contribution to waste management and environmental protection. By 

converting WTEO to alternate energy, we simultaneously address the issues of environmental 

pollution and fuel scarcity. It would greatly benefit our economy to take into account such 

low-cost production method. To accomplish this, the general operating principles are the 

thermal breakdown of WTEO inside the reactor and the condensation of the pyrolysis gas 

acquired in two stages: primary condensation in a copper circular coil and secondary 

condensation in distillation cooling. According to the study and analysis of this work, WTEO 

of solid and liquid wastes can be used as alternative fuels for diesel engines in the future. Here 

is a conclusion that can be taken from the results of the experiment. WTEO's decomposition 

uses less energy and produces more high quality pyrolysis oil than a single tire would. The 

pyrolysis of WTEO experiment produced a maximum of 68.75% condensable liquid fuel, 

22.5% char, and 8.75% non-condensable gas by weight. The mass sample could be converted 

into fuel with a maximum conversion efficiency of 77.5% during pyrolysis. Some WTEO fuel 
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and blend properties have undergone testing up to B40.The smallest difference in terms of 

brake torque, brake power, and fuel consumption between pure diesel and its blend up to B20. 

When it comes to emissions, the WTEO blends pure diesel emission up to B20 with nearly 

identical NOx, CO, HC, and CO2 emissions at all levels of engine speeds. The fuel made from 

WTEO oil of wastes has possible solutions for the environment and the economy, and more 

research on this subject should be taken into consideration based on the results discussed 

above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 

 

7.3 Recommendation 

The following suggestions are provided based on the findings of this study to help other 

researchers in the future get better results on this and related topics.    

 Heat exchangers should be utilized with fluids that have a lower tendency to foul for 

greater heat transfer rates. Distillation cooling is preferred while pyrolyzing WTEO 

due to the increased amount of tar produced from waste pyrolysis.   

 It is necessary to develop a method that allows a cooling system to circulate water 

naturally by gravity in order for this research to be applicable in rural locations.  

 Since the chemical structure of liquid fuels created by WTEO pyrolysis is unknown, a 

final analysis should be conducted before consumption..   

 Even though the results have indicated that a diesel engine can run on WTEO fuel as 

an alternative fuel without significant modification, it is strongly advised that more 

research be done (future works) taking into account all engine operating factors. 

 WTEO may be converted into solid fuel, which can be used in place of asphalt 

bitumen. 
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APPENDIXES 

Appendix-A: Thermocouple Calibration 

Thermocouples are instruments used to measure temperature and are made up of two wires 

connected at one end by different metals. The type K thermocouple, which has a measurement 

temperature range of -200 to +1260°C, is the most often used thermocouple. By comparing the 

measurement values of a reference thermometer and other thermometers, one can calibrate 

thermometers using a reference thermometer in a temperature calibration test. In the thermal 

laboratory of Adama Science and Technology University, a calibration test for a four channel 

digital K-type thermocouple was carried out using a thermometer and a water pan of boiling 

water for 21 minutes. 

 

Figure A. 1Thermocouple calibration  

Table A. 1: Water temperature measuring test by using K-type thermocouples 

Time 

(min) 

T1(standard k- 

type 

thermocouple) 

T2 (four 

channel k- type 

thermocouple) 

Uncertainty 

%((T1-T2)/T1) * 

100% 

1 30.7 30.4 0.977 

3 33.1 33 0.302 

5 38.9 38.6 0.771 

7 43.8 43.6 0.456 

9 49.9 49.7 0.400 

11 55.6 55.2 0.719 

13 61.7 61.5 0.324 

Four channel 

k-type 
Stove 

Water pan 

Standard k-

type 
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15 69.6 69.1 0.718 

17 75.3 75.2 0.132 

19 80.8 80.5 0.371 

21 87.7 87.3 0.456 

22 96.8 95.6 0.206 

 

 

Figure A.2 temperature measured value with correct value 

Appendix-B: Experimental observation of the temperature distribution and oil received 

  Table B. 1: Temperature distribution and oil received 

Time 

(minute) 

Temperature (
0
C) Total amount of oil 

received(ml) 

0 
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Correct temperature Standard temperature

Tc =0.992Tm + 0.53 
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Appendix C: Economical analysis 

       Table C. 1: Initial investment cost 

Material cost 

No  Item  Unit  Unit 

price 

Quantity  Remark  

1 Sheet metal pcs 1200 1 2mm thickness 

2 Circular 

Hollow Steel 

pcs 1100 1       

3 Grinder disc pcs 90 1  

4 Cutter disc pcs 125 1  

5 Gate valve pcs 230 1  

6 Gypsum 25kg 160 1  

7 Electrode packet 850 1 
         

8 Copper coil m 120 4  

9 Painting spray 250 3  

10 Labor cost 1000 

Total selling cost = 5985 

 

        Table C. 2: Cash out flow and cash in flow  

No  Activities  Type of cash flow Expense  Saving  

1 Wood charcoal  Cash out flow 19,710  

2 Total cost for setup Cash out flow 5985  

3 Purchase of tire and 

engine oil waste 

Cash out flow 36500  

4 Water for condensation 

and cleaning 

Cash out flow 2190  

5 Fuel extracted for form 

waste 

Cash in flow  10,000 

6 Char of waste tire and 

engine oil 

Cash in flow  167316 

Total expense and savings excluding initial 

investments 

64385 177316 

Net saving (Net annual cash flow) from using 112931ETB 
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biogas per annum 

 

 

Appendix D: Result of single cylinder performance  
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