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ABSTRACT 

 

Conversion of biomass to fuel provides a positive contribution for fossil fuel replacements. In 

addressing challenges associated with the combustion of pyrolysis oil (bio-oil), this research 

aimed at developing a burner system that would handle the atomization and combustion of bio-

oil. 

This research started by conducting a spray study in order to explore the potential for bio-oil 

combustion in industrial furnaces. Spray experiments were conducted by using different sizes of 

externally mixed nozzles with bio-oil and ethanol blends. Results revealed that it is possible to 

spray bio-oil/ethanol mixtures containing as high as 40% bio-oil that has a low water content 

(12.6%). 

The design of the furnace for the combustion of bio-oil followed, this was done based on the 

industrial standard methods. The furnace was modelled in a computer aided design (CAD) 

software, the design analysis and engineering drawings were prepared followed by the 

fabrication and instrumentation. The furnace was then tested with bio-oil and diesel fuel prior to 

full scale combustion study. 

Building on the spray study, the comparative study of bio-oil and diesel combustion at different 

equivalence ratio values were conducted. It was revealed that it is possible to burn neat bio-oil in 

a tunnel-like furnace with a self sustaining flame. Bio-oil combustion recorded higher, carbon 

monoxide (CO), nitrogen oxides (NOx) and hydrocarbon (HxCy) emissions when compared to 

those of diesel. A follow-up combustion study with oxygen enriched atomization revealed that it 

was possible to fire neat bio-oil with a significant reduction of pollutants emissions. 
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Based on the results from this research, it can be concluded that it is possible to burn 100% bio-

oil in an industrial sized burner. On the other hand, oxygen enriched combustion help in reducing 

emissions levels in the exhaust. Therefore, the use of bio-oil as fuel in an industrial scaled 

furnace is now possible. 
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CHAPTER ONE 

 

Introduction 

1.1 Background Information 

Conversion of biomass to energy has attracted substantial interest to policy and decision 

makers in recent years. This is because the world’s fossil fuel reserves are declining; 

prompting the need for the search of sustainable alternatives (Hossain and Davies, 2013). 

Worldwide, energy demand is ever increasing, driven by global population growth. The 

release of carbon dioxide (CO2) into the atmosphere from fossil fuel combustion can lead to 

global warming. The increased release of CO2 into the atmosphere threatens the climate; and 

the need to supply energy without causing the environmental degradation is paramount. The 

global production of biomass is about 146 billion metric tons a year (Demirbas, 2009; 

Hossain and Davies, 2013). Combustible biomass and waste account for about 10% of the 

world’s energy production (FAO, 2012). Therefore, the increased utilization of biomass 

energy resources could play an important role in providing sustainable energy to the billions 

of people still living without modern energy services. 

 

Thermal processes can be used to convert a wide variety of biomass materials including 

leftovers from agricultural products into useful energy such as heat and electricity. Pyrolysis 

is the decomposition of organic materials by heat in the absence of oxygen and it has been 

applied for thousands of years to make charcoal from biomass (Meier et al., 2013); the slow 

pyrolysis or carbonization process maximizes charcoal production carried out at low heat 

rates of <100°C/s. Liquid bio-oil can be formed upon pyrolysis by the rapid condensation of 

the pyrolysis vapors (fast pyrolysis), taking place at heating rates of ~ 1000°C/s. This process 

also known as fast pyrolysis process, has received considerable attention and has 

significantly been improved in the past 30 years with the efforts driven by oil price 

fluctuations and environmental concerns (Czernik and Bridgwater, 2004). However, the use 

of bio-oil for energy applications still presents challenges due to variations in the 

characteristics of biomass feed stocks (Zhang et al., 2007; Hossain and Davies, 2013). 
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The 2012 census results, the National Bureau of Statistics of Tanzania (NBS) reported 

population of 44.9 million people in the country, and that most of the people are still 

dependent on direct burning of biomass for energy needs. Availability of biomass resources, 

according to Blomley et al. (2010), it is reported that there are 2.06 million ha of forests in 

Tanzania. As an example of commonly farmed crop, the study by Rowhani et al. (2011), 

reports that 1.5 million ha is used for maize production. Both woody biomass and agriculture 

residue such as maize cobs could be useful when used as feedstock for fast pyrolysis process. 

Besides, unlike developed countries, Tanzania does not have a significant share of biofuels in 

the energy mix when excluding the direct biomass combustion (EIA, 2013; Felix and 

Gheewala, 2011).  

 

Biomass conversion to energy through the liquid biofuels combustion path, is more efficient 

than the direct combustion of biomass (Mohan et al., 2006). However, despite vigorous 

scientific efforts for over a century, researchers still lack full understanding of the processes 

underlying the combustion of biomass-derived pyrolysates. More work is needed in order to 

understand the combustion characteristics of pyrolysis oils. Fast pyrolysis is one of the recent 

improvements in which pyrolysis is carried out in short reaction times (less than 2 s) and 

under moderate temperature conditions (~500°C) to maximize the bio-oil yield (Czernik and 

Bridgwater, 2004; Meier et al., 2013). Many researchers have worked on improving reactor 

configurations (Czernik and Bridgwater, 2004; Boateng et al., 2007) and have achieved 

about 75% conversion to bio-oil (Meier et al., 2013).  

 

Untreated pyrolysis oil obtained from the pyrolysis of biomass is a dark brown liquid that 

contains complex mixtures of oxygenated hydrocarbons along with some water and 

occasionally a small amount of char. Typically, pyrolysis oil contains 35 – 40 wt% oxygen 

content. The high oxygen content causes it to become miscible with polar solvents such as 

alcohols and acetone and immiscible with petroleum-derived fuels. Raw pyrolysis oils are 

highly viscous with a distinct smoky odor; they are fairly reactive having a pH = ~2–3. This 

results from the depolymerization of cellulose, hemicellulose and lignin to form mixtures of 

reactive molecules. The volatility of bio-oil varies based on the presence of nonvolatile 

compounds such as sugars and phenols (Boateng, 2011). Gradual increases in viscosity can 



�
 

��
�

be noticed when pyrolysis oil is stored because of secondary reactions in the bio-oil caused 

by oligomerization and condensation reactions of oxygenated compounds, a process called 

‘ageing’. The addition of alcohol such as ethanol or methanol helps lower its viscosity and 

slow down the ageing process (Meier et al., 2013). Compared with biomass, bio-oil has a 

higher heating value (HHV) of ~17 M J kg-1, a density of ~1.2 kg L-1, and a similar elemental 

composition.  

 

Over the past few decades, advances in pyrolysis oil production technologies have attracted a 

noticeable attention commercially. Fortum Corporation in Finland, which also has a presence 

in Sweden, is in the construction stage of a 10 metric ton/h biomass feed capacity reactor 

using fluidized bed technology for fuel production. Ensyn, a Canadian company operating in 

the USA and Canada, is active with a capacity of up to 22,350 kg h-1 of bio-oil production 

using circulating fluidized bed technology. Bio-oil can be stored and transported as liquid 

fuel, which makes it attractive for use as a fungible fuel, especially for stationary 

applications.  

 

To date, a handful of bio-oil combustion studies have been reported and reviewed in the open 

literature (Tzanetakis et al., 2011a; Lehto et al., 2014; Oasmaa et al., 2015). The use of 

pyrolysis oil for combined heat and power has been reported as a fuel source for a 20 MW 

plant in Wisconsin, which is co-fired with coal. In Europe, a 350 MW natural gas power 

plant was co-fired with pyrolysis oil (Lehto et al., 2014). There are also commercial and 

district heating plants that have been reported to run with pyrolysis oil fuel. These include a 

2.6 MW burner tested in Stockholm, Sweden; and a 1.5 MW plant in Masala, Finland (Lehto 

et al., 2014; Oasmaa et al., 2015). 

 

Irrespective of the forgoing efforts, some challenges still exist in the use of pyrolysis oil as 

fuel in boilers and engines. While bio-oil is combustible and can burn with a self-sustaining 

flame once ignited, it has low flammability. The low flammability is the result of nonvolatile 

compounds (Czernik and Bridgwater, 2004; Moloodi et al., 2012). Droplet combustion 

studies have shown that combustion of pyrolysis oil is in some ways comparable with that of 

diesel No. 2 fuel oil (Calabria et al., 2007); for example, the burnout time for pyrolysis oil is 
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reported as 180 ms compared to 11 ms for diesel No. 2 fuel oil; their flame length is also 

reported to be longer than that of diesel fuel. The adiabatic flame temperature of pyrolysis oil 

ranges between 1700 and 2000 K (Czernik and Bridgwater, 2004).  

 

With regard to emissions, flame tunnel studies of pyrolysis oil combustion have reported 

comparable emissions with that of diesel fuel. However, slightly higher CO emissions have 

been observed (Czernik and Bridgwater, 2004), and the CO emission levels can be elevated 

by pyrolysis oil with high viscosity and surface tension (Shaddix and Tennison, 1998). 

Hydrocarbon emissions are also reported to be low. Combustion of pyrolysis oils in burners 

resulted in net neutral CO2 emissions (Calabria et al., 2007; Oasmaa et al., 2015). Elevated 

levels of NOx emissions have been observed in pyrolysis oil combustion compared with 

diesel fuel. The NOx emissions depend on the nature of the feedstock (Stamatov et al., 2006; 

Martin and Boateng, 2014; Oasmaa et al., 2015) because most of it originates from fuel-

bound nitrogen (Tzanetakis et al., 2010; Zheng and Kong, 2010). Emissions from pyrolysis 

oil combustion could be reduced in burners with higher swirling (Tzanetakis et al., 2011b), 

which provides more residence time for droplets to mix with an oxidizing medium, resulting 

in a more efficient combustion reaction. Further understanding of combustion and emission 

characteristics of neat/raw bio-oil in furnaces is therefore required. 

 

1.2 Research problem and justification of study 

Although the development of biomass to biofuels conversion technology have advanced in 

recent years, the main challenge of running neat bio-oil in combustion systems still remains. 

The limitations include blending difficulties between pyrolysis oil and conventional fuels 

such as diesel, pyrolysis oil high acidity, and high solubility in water (Zhang et al., 2007). 

Like other biofuels, pyrolysis oil (bio-oil) also has detrimental effects to burning 

characteristics in current combustion systems when used “as is”. Further, the low 

effectiveness and usefulness of neat bio-oils in current burner systems still exist due to 

difficulties in atomization owing to their high viscosity. For bio-oil, the spray characteristics, 

its flame aerodynamics and pollutants emissions in furnaces requires more understanding in 

order to successfully be used as fuel. This research addresses these problems by providing an 

understanding of the spray patterns, flame structure, and emissions characteristics of bio-oil. 



�
 

	�
�

1.3 Objectives 

1.3.1 General objective 

The overall objective of this study is to develop a burner system that would efficiently handle 

the atomization and combustion of pyrolysis liquids for residential and industrial furnaces for 

heat and power generation applications. In order to achieve this, a pyrolysis oil furnace test 

rig will be designed and fabricated; this will then be followed by combustion experiments to 

understand the flame and emission characteristics. 

 

1.3.2 Specific objectives 

The specific objectives of this research are:  

i. To study spray characteristics of pyrolysis oils,  

ii. To design and construct a pyrolysis oil furnace test rig, and  

iii.  To study pyrolysis oil combustion. 

 

1.4 Research questions 

The energy security question and the increasing environmental problems due to climate 

change highlight the need to develop energy conversion systems that utilize sustainable 

energy resources. Although a number of studies on bio-oil combustion have been done, the 

combustion of neat bio-oil in furnaces still needs more understanding and further 

improvement. This study aimed to address the following research questions: 

i. Whether an externally mixed nozzle type could successfully atomize bio-oil. This 

type of nozzle is simple and is known to atomize high viscous liquids.  

ii. Whether neat bio-oil can be used in burner systems that also use diesel fuel. This 

would allow easy fuel switching, at the same time be able to utilize 100% bio-oil as 

fuel. 
 

1.5 Significance of the research 

The results obtained will help in understanding the combustion characteristics of bio-oil. On 

the other hand, the results could be used in designing, sizing, or retrofitting of burners and 

combustion chambers that can effectively enable efficient combustion and greater utilization 

of pyrolysis oils. 
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1.6 Dissertation layout 

This dissertation is based on four research papers that emanated from this dissertation: two of 

them have been published in peer reviewed journals. The entire dissertation document 

comprises of six chapters which includes the introduction, followed by four chapters formed 

from individual research papers and a conclusion chapter. 

 

The first chapter provides a general introduction and background information of this research 

study. It identifies the potential of utilization of biomass resources as energy source. 

Production techniques and characteristics of bio-oil are also highlighted. Further, the study 

objectives and research questions are also detailed in this chapter. 

 

The spray study as the first part of this research covering the first specific objective is 

reported in chapter Two. This study is published in Elsevier database: Lujaji, F.C., Boateng, 

A.A., Schaffer, M., Mtui, P.L. and Mkilaha, I.S.N. (2016). Spray atomization of bio-

oil/ethanol blends with externally mixed nozzles. Experimental Thermal and Fluid Science. 

71: 146-153. In this chapter, a comprehensive investigation study of pyrolysis oil (bio-oil) 

sprays characteristics using an air assisted atomization nozzle operated without combustion is 

reported. This study was done in an initial stage of the research in order to explore the 

potential of using pyrolysis oil in a furnaces 

 

Chapter Three also consists of a published study in American Chemical Society (ACS) 

database: Lujaji, F.C., Boateng, A.A., Schaffer, M.A., Mullen, C.A., Mkilaha, I.S.N. and 

Mtui, P.L. (2016). Pyrolysis Oil Combustion in a Horizontal Box Furnace with an Externally 

Mixed Nozzle. Energy & Fuels. 30: 4126-4136. This chapter highlights briefly the 

construction of a horizontal combustion chamber with a rectangular cross-section. The major 

part of this chapter concentrated on the combustion characteristics of neat biomass fast-

pyrolysis oil using an air-assisted externally mixed nozzle installed in a modified 100 kW 

(350 000 BTU h-1 nominal capacity) burner. This was done in order to explore how 100% 

pyrolysis oil (bio-oil) would burn in a furnace. 

 

Chapter Four extends further the combustion study of pyrolysis oil. In this chapter, the 
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oxygen enriched atomization combustion of 100% fast-pyrolysis oil (bio-oil) was studied. 

The experiments were conducted to explore and compare oxygen enriched and air 

atomization combustion. The understanding of the effects of oxygen enriched atomization on 

crude bio-oil combustion would provide more understanding on exhaust emissions and 

combustion characteristics.  

 

The complete and comprehensive detail design of the furnace test rig is reported in chapter 

Five. Pyrolysis oil (bio-oil) present challenges when used in conventional furnace systems. In 

this chapter, the critical design issues of furnaces and associated combustion characteristics 

of bio-oil are addressed. In this design study, a horizontal oriented combustion chamber with 

a rectangular cross-section was designed and fabricated. The design methodology presented 

in this chapter was based on the NFP 85 and 86 standards and compliant with EPA Method 5. 

 

Chapter Six is the last in this dissertation: it contains the general discussion and conclusions. 

The discussions section presents an all-inclusive narrative combining four studies from 

previous chapters. The discussions will also elucidate on how the study's results achieved the 

research overall and specific objectives. Moreover, the discussions also show how the 

research questions have been answered. This chapter will be finalized with conclusions and 

subsections containing recommendations. 
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CHAPTER TWO 
 

 

Spray atomization of bio-oil/ethanol blends with externally mixed nozzles1 

 

 

Abstract: 

Experiments were conducted to investigate the properties of sprays of pyrolysis oil (bio-oil) blends with 

ethanol using an air assisted atomization nozzle operated without combustion. This was done in order to 

explore the potential for pyrolysis oil combustion in industrial and residential furnaces. The liquid samples 

investigated were bio-oil blends with ethanol (EtOH), neat ethanol and diesel. The bio-oil:EtOH blends 

were prepared in concentrations of 20:80 and 40:60 vol%. Twin-fluid externally mixed nozzles SU2, SU4, 

and SU5 with liquid orifice areas of 0.40, 1.82 and 5.07 mm2, respectively, were used in the spray 

experiments. The liquid and atomizing air flow rates as well as temperature were controlled to maintain 

constant liquid flow rates (cc s-1) equivalent to 30 and 50 kW energy input. Images of atomized spray 

droplets were measured to determine their size and velocity. Results show that it is possible to spray bio-

oil/ethanol mixtures containing up to 40% bio-oil that has a low water content (12.6%). High viscosity and 

a tendency to coagulate were the main drawbacks; however, the 20:80 bio-oil:EtOH blend and neat ethanol 

in all three nozzles exhibited spray characteristics similar to that of diesel over atomization air flow rates of 

15–30 SLPM. 

2.1 Introduction 
Conversion of biomass to energy has attracted substantive interest among policy and decision 

makers in recent years. Climate change, largely caused by greenhouse gases emitted by the 

combustion of fossil fuels, and the fact that the world’s fossil fuel reserves may decline in the 

near future (Mohr et al., 2015) prompts the search for sustainable alternatives. The 

availability of sustainable and reliable energy sources is essential to economic growth for 

developing and developed nations. “While Africa gives off less greenhouse gases than any 

other part of the world, it will be the most threatened by climate change,” as stated by US 

President Barack Obama during a visit to Africa (Carson, 2010). Biomass energy resources 

possess numerous advantages which include renewability and the fact that they are more 

evenly distributed across the world than fossil fuel resources. However, conversion of 

biomass resources to energy presents challenges due to feedstock variability and 

                                                 
1 Experimental Thermal and Fluid Science, Volume 71, ISSN: 0894-1777, Pages 146–153.  
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heterogeneity. This leads to variation of fuel quality, consequently affecting the performance 

of combustion systems. 

 

One of the current biomass conversion technologies that has tremendous potential for rural 

development is fast pyrolysis (Ashcraft et al., 2012). Fast pyrolysis is the thermal 

decomposition of biomass in the absence of oxygen which is done at a high heating rate in 

order to obtain high yields of liquid products. Fast pyrolysis is a promising technology for the 

production of fungible fuels (Mohan et al., 2006; Boateng, 2007; Isahak et al., 2012; 

Moloodi et al., 2012). The resulting pyrolysis oil is a renewable “green” fuel. Its use could be 

important in addressing energy resource issues such as local availability of energy sources 

and reduction in harmful emissions encountered in fossil fuel combustion (Boateng et al., 

2006). Owing to their small design footprints, pyrolysis systems are amenable to distributed 

scale economy rather than large-scale. Therefore their implementation could involve 

cooperative agriculture whereby they are deployed at the village and farm scales where the 

biomass is used as a feedstock. This could allow for utilization of the bio-oil in a centralized 

combustion plant for power generation within a community (Bazmi et al., 2015). Although 

pyrolysis oil can be produced in high yields (� 60–70%) by using fast pyrolysis, the liquid is 

unstable thereby presenting serious challenges to its use as fuel for internal combustion 

engines. Trials in direct injection engines have been conducted (Shihadeh and Hochgreb, 

2000; Sharma and Murugan, 2015). However, acidity, high water content, high oxygen 

content, variable volatility, and the presence of char all contribute to atomization problems; 

other issues associated with its use are ignition delay, increased coking, and increased 

particulate emissions. 

 

Bio-oils are viscous and possess slight shear thinning characteristics (Tzanetakis et al., 

2008). There has been some success reported on the use of pyrolysis oils in burners 

(Tzanetakis et al., 2008; Moloodi et al., 2012; Hossain and Davies, 2013). Most liquid fuel 

burners use nozzles to disperse liquids into smaller droplets (sprays) to allow for better 

mixing of the fuel and oxidant that will take part in subsequent combustion. Among the many 

types of nozzles which are available, air-atomized (twin-fluid) nozzles are the most widely 

used (Ferreira et al., 2009; Tzanetakis et al., 2011b). Of the air-atomized nozzles, atomizers 
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creating hollow cone sprays are preferred as they provide better mixing and stable flame 

(Jenkins and Mullinger, 2011). In air-atomized nozzles the high-velocity air stream 

introduces a series of instabilities in the liquid stream, causing it to break into smaller 

droplets (Aliseda et al., 2008). Additionally, with reference to burners that use twin-fluid 

nozzles, the non-Newtonian characteristics of bio-oil could have negative effects on droplet 

formation or atomization (Aliseda et al., 2008; Rodríguez-Rivero et al., 2013). 

 

Sprays of palm oil blends with diesel had been characterized by using phase Doppler particle 

analysis method, and it was found that the high viscosity of vegetable oils resulted in sprays 

having large Sauter mean diameter (SMD) values and small spray angles (Mohammad Nazri 

et al., 2011). However, major challenges still remain in the use of neat vegetable oils due to 

their high viscosity which prevents efficient atomization in combustion systems (Zhang et 

al., 2007). 

 

Droplet combustion rates of pyrolysis oils are about 2–3 factors less than that of light diesel 

(Shaddix and Hardesty, 1999; Shihadeh and Hochgreb, 2000). This results from its high 

density and high latent heat of vaporization. Additionally, the wide range of volatility 

exhibited by the numerous components in pyrolysis oil results in droplet fragmentation and 

micro-explosions reducing the burning rate and consequently, combustion efficiency. Hence, 

the use of bio-oil as fuel in combustion systems is challenging due to the resulting problems 

such as poor atomization, ignition delay, propensity to coke, and increased particulate 

emissions (Czernik and Bridgwater, 2004; Boateng, 2011). It should also be noted that, bio-

oils are combustible but not flammable, attributable to the presence of nonvolatile 

components. To expand pyrolysis oil utilization in combustion systems, the appropriate 

burner system need to be developed that mitigate some of the issues identified with spray 

atomization. Because of this, a study on the non-combustion spray characteristics of 

pyrolysis oils is important and can contribute to the understanding of spray characteristics 

exhibited by different nozzle sizes and spray conditions. While various studies in spray 

atomization of other types of bio-oils have been done, (for example that reported by Fan et 

al. (2014) and Kim et al. (2015)), the externally-mixed nozzle types (previously been used to 

successfully atomize high viscosity liquid fuels) have not been attempted or fully explored 
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for pyrolysis oils. 

 

The aim of this study is to investigate the spray characteristics of bio-oil/ethanol blends in an 

externally mixed nozzle within three size ranges at different spray conditions. This can aid in 

selecting, designing or retrofitting burners for combustion chambers to effectively handle the 

efficient combustion and greater utilization of pyrolysis oils. Blends of pyrolysis oil with 

ethanol were used to control viscosity so as to advise the incremental effect of viscosity and 

the extent of pyrolysis oil utilization. Ethanol was chosen because it is a good solvent, can be 

used as fuel, and can be produced sustainably from biomass. In order to understand the spray 

characteristics, the variation in droplet sizes and discharge velocity of bio-oil blend sprays 

were compared with that exhibited by diesel (No. 2 fuel oil) using different sizes of air-

assisted atomization nozzles at constant bio-oil flows equivalent to an energy input of 30 and 

50 kW. 

 

2.2 Methodology 

2.2.1 Materials 

The bio-oil used in these experiments was a composite mixture of bio-oils created from 

switchgrass (60%), miscanthus (20%), and elephant grass (20%), by volume. Each 

constituent bio-oil was produced in a bubbling fluidized bed reactor (Boateng, 2007) under 

nitrogen atmosphere at 500 °C. The ethanol used was Koptec 200-proof alcohol with 

Chemical Abstracts Service (CAS) number 64-17-5. Diesel (No. 2 fuel oil) with CAS 

number 68476-30-2 used was purchased from a local gasoline service station in Wyndmoor, 

Pennsylvania. 

 

Bio-oil and ethanol blends were prepared in the laboratory by mixing the bio-oil and ethanol 

in beakers at room temperature. On a volumetric basis, the 20% and 40% bio-oil component 

were mixed with ethanol making up the rest to obtain 20:80 and 40:60 bio-oil:EtOH blend 

components respectively. The measured amounts of bio-oil and ethanol were poured into a 

beaker and stirred until well mixed. 

 

The samples, including the control liquids (i.e., the diesel and ethanol) were analyzed to 
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determine their physical and chemical properties. The viscosity of the liquid fuel samples 

was measured in a Grabner Minivis II viscometer at 25 °C. Density was determined by 

drawing 1 mL of each liquid into a syringe and weighing it on an analytical balance. The 

carbon, hydrogen, and nitrogen contents were determined by a ThermoElectron 1112 series – 

flash elemental analyzer, with oxygen content determined by difference. The water content of 

each sample was determined by Karl Fischer titration. Heat of combustion was estimated 

from the Institute of Gas Technology (IGT) correlation (Eq. (1)) using the elemental analysis 

results (Buckley and Domalski, 1988). Eq. (2) was used to estimate the theoretical Sauter 

mean diameter for droplets from a plain-jet air-blast atomizer (Lefebvre, 1980; Martin and 

Boateng, 2014). The equation used to calculate liquid flow rate based on a given energy 

input, and the derivation for calculations of secondary air required can be found in the 

Appendix B. 

 

120)  (%O - 120) (%N - 1343) (%H + 341) (%C =(kJ/kg) HHV ´´´´    (1) 
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2.2.2 Experimental set-up 

The non-combustion test-rig used in this work is shown in Fig. 1. It was designed and 

fabricated at the Eastern Region Research Center (ERRC) in Wyndmoor, PA and comprises a 

metal spray enclosure fitted with glass windows on opposite sides. The entire enclosure was 

connected to a blower in order to vent sprayed vapors to the building exhaust. A metal 

structure was used to support the laser head and CCD camera (TM-2040). The camera was 

mounted to the structure with a finely-adjustable cross-slide table for horizontal adjustments 

and a laboratory screw jack for vertical direction adjustments allowing for precise positioning 

of the camera in three axes. A Firefly diode laser illumination system (from Oxford Lasers, 

Inc, Shirley, MA, USA) was used to provide pulses of infrared laser light with variable pulse 
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durations and pulse frequencies. The diode laser head was connected to the control unit by an 

umbilical cable. The laser head produced the illumination, and the control unit regulated the 

pulse repetition frequency and selection of the required pulse length (exposure). Oxford 

Lasers’ VisiSize software® application installed on a PC provided laser control and the user 

input settings. 

 

 

Figure 1: Spray experimental setup 

 

A temperature controller was connected with an electric heater and a thermocouple to 

maintain 25 °C along the liquid line (ambient temperatures in the room were below 25 °C). 

Oil flow rate was measured by a positive-displacement spur-gear flow meter (AW-Lake 

Company, Franksville, WI, USA) fitted with an analog output sensor providing a 4–20 mA 
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signal proportional to the flow (Table 1). The flow meter was designed to handle a wide 

range of liquid viscosities. An Alicat Scientific mass flow controller (MCR) was used to 

control the amount of atomization air (15, 20, 25, and 30 SLPM) from the laboratory’s air 

compressor. Spraying Systems Co. air atomizing spray nozzles SU2, SU4 and SU5 (Fig. 2) 

were used in this investigation (Table 2). The solid-cone externally-mixed nozzles are used in 

this study because they work well with high viscosity fluids at lower liquid pressure and flow 

rates since the liquid line does not experience high pressure from the atomization medium. 

The solid cone also allows for better observation of the spray pattern. A programmable logic 

controller (PLC) (Allen Bradley SLC 5/04) was used to control air and liquid solenoid valves 

used during cleaning and spraying cycles. 

 

Table 1: Instruments specifications 

Instrument Model Number Range Accuracy 

Positive Displacement Spur 
Gear Flow Meter 

JVM-20KG-25 
NPT 

0.63 to 126.18 cc/s ± 0.5%  

Pickup Analog Output 
Sensor 

FIP-4HS 4 to 20 mA 5 kHz 

Speedaire®: Portable Electric 
Barrel Air Compressor 

4TW29 Max: 155.74 L min-1 
at 620.53 kPa 

- 

Mass flow Controller MCR-250SLPM-D 0 to 250 SLPM ± (0.8% of 
Reading + 0.2% of 
Full Scale) 

Thermocouple Type K KTSS-14G-6 Rated up to 260 °C ± 0.75% 

Digital Camera with Laser 
backlight 

TM2040 15 to 3025 µm - 



 

�

 

Table 

  
Cross section area of liquid orifice [mm
Cross section area of air orifice [mm
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2.2.3 

Droplet images were captured by illumination of the spray from behind with diffused pulses 

of infrared light from the laser and capturing the shadow images with the digital camera 

system. The pulse duration was set to the appropriate level in order to prov

illumination and brightness of the image. The VisiSize software

the shadow images, whereby each particle was analyzed based on the captured image 

characteristics of its shadow. Spray particle velocity was determined b

illumination, which enabled each particle to cast two distinct shadows in consecutive images. 

The pulse duration was set to 1.8 µs and pulse separation was set at 5.01 µs. From this 

information the droplet sizes of each spray atomizat

Table 2: Nozzle dimensions
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Droplet size and velocity measurements
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characteristics of its shadow. Spray particle velocity was determined b

illumination, which enabled each particle to cast two distinct shadows in consecutive images. 

The pulse duration was set to 1.8 µs and pulse separation was set at 5.01 µs. From this 

information the droplet sizes of each spray atomizat
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information the droplet sizes of each spray atomizat

Figure 2: Cutaway view: externally mixed nozzle
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the shadow images, whereby each particle was analyzed based on the captured image 
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information the droplet sizes of each spray atomizat
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Droplet images were captured by illumination of the spray from behind with diffused pulses 

of infrared light from the laser and capturing the shadow images with the digital camera 

system. The pulse duration was set to the appropriate level in order to prov

illumination and brightness of the image. The VisiSize software

the shadow images, whereby each particle was analyzed based on the captured image 

characteristics of its shadow. Spray particle velocity was determined b

illumination, which enabled each particle to cast two distinct shadows in consecutive images. 

The pulse duration was set to 1.8 µs and pulse separation was set at 5.01 µs. From this 

information the droplet sizes of each spray atomization were then determined.

Cutaway view: externally mixed nozzle 
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Droplet images were captured by illumination of the spray from behind with diffused pulses 

of infrared light from the laser and capturing the shadow images with the digital camera 

system. The pulse duration was set to the appropriate level in order to prov

illumination and brightness of the image. The VisiSize software® was then used to analyze 

the shadow images, whereby each particle was analyzed based on the captured image 

characteristics of its shadow. Spray particle velocity was determined b

illumination, which enabled each particle to cast two distinct shadows in consecutive images. 

The pulse duration was set to 1.8 µs and pulse separation was set at 5.01 µs. From this 

ion were then determined.

SU4 
1.82 
2.23 
1.22 

Droplet images were captured by illumination of the spray from behind with diffused pulses 

of infrared light from the laser and capturing the shadow images with the digital camera 

system. The pulse duration was set to the appropriate level in order to provide adequate 

was then used to analyze 

the shadow images, whereby each particle was analyzed based on the captured image 

characteristics of its shadow. Spray particle velocity was determined by using double

illumination, which enabled each particle to cast two distinct shadows in consecutive images. 

The pulse duration was set to 1.8 µs and pulse separation was set at 5.01 µs. From this 

ion were then determined. 

 

SU5 
5.07 
5.02 
0.99 

Droplet images were captured by illumination of the spray from behind with diffused pulses 

of infrared light from the laser and capturing the shadow images with the digital camera 

ide adequate 

was then used to analyze 

the shadow images, whereby each particle was analyzed based on the captured image 

y using double-pulsed 

illumination, which enabled each particle to cast two distinct shadows in consecutive images. 

The pulse duration was set to 1.8 µs and pulse separation was set at 5.01 µs. From this 

 
 
 
 

Droplet images were captured by illumination of the spray from behind with diffused pulses 

of infrared light from the laser and capturing the shadow images with the digital camera 

ide adequate 

was then used to analyze 

the shadow images, whereby each particle was analyzed based on the captured image 

pulsed 

illumination, which enabled each particle to cast two distinct shadows in consecutive images. 

The pulse duration was set to 1.8 µs and pulse separation was set at 5.01 µs. From this 
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2.2.4 Measurement uncertainties 

The major sources of uncertainties in determining the droplet size and velocities 

measurements were the camera resolution and focus. The camera settings allowed for 

measurements of droplets with diameters of 15–3025 µm; droplets sizes out of this range 

were not measured and those that were too far out of focus to be accurately measured were 

rejected. In order to reduce measurement uncertainties, the factory calibrated lenses were 

used together with the appropriate calibration files in the software. Additionally, all 

measurements were done in triplicates and standard errors were calculated and plotted along 

with the droplet size and velocity data. 

 

2.3 Results and discussions 

2.3.1  Fuel properties 

The results of the fuel characterization as shown in Table 3  indicate that the 100% pyrolysis 

oil had viscosities exceeding 100 cP while the 20:80 bio-oil:EtOH viscosity was 2.43 cP. The 

20:80 bio-oil:EtOH mixture viscosity was similar to that of the diesel fuel (3.87 cP). 

However, the viscosity of the 40:60 bio-oil:EtOH blend was about double when compared to 

diesel. The measured densities were not as linearly correlated with ethanol as the viscosities 

are. The 100% pyrolysis oil density was estimated at 1237.4 kg m-3, about 40% higher than 

that of the diesel fuel, whereas both liquid blends containing 20% and 40% pyrolysis oil had 

higher densities than the diesel fuel. The higher heating value (HHV) of the diesel fuel was 

greater than the liquid blends and the ethanol as expected. Comparing the blends, the 20:80 

bio-oil:EtOH blend had a greater HHV (0.6% more) than the 40:60 bio-oil:EtOH blend. The 

combination of HHV values and density (Table 3) result in differences in flow rates 

equivalent to the 30 and 50 kW input energy requirement. 
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Table 3: Fuel properties of liquid samples (20:80 bio-oil:EtOH, 40:60 bio-oil:EtOH, ethanol, 

and diesel) 

Sample % C % H %N %O 
Water 
content 

[%] 

HHV      
[M J kg-1] 

Density 
[kg m-3] 

Viscosity 
[cP] 

100% Bio-oil 70.14 9.17 2.04 18.65 12.60 29.33 1237.40 >100 
40:60 bio-
oil:EtOH 

59.31 11.48 0.82 28.30 7.69 29.47 970.87 6.68 

20:80 bio-
oil:EtOH 

55.70 12.25 0.41 31.51 5.51 29.65 896.47 2.43 

Ethanol 52.09 13.02 0 34.73 - 30.82 789 1.074 
Diesel 86.49a 13.48a - <0.03a - 45.77 882.53 3.87 

a(Pereira et al., 2014). 

 

In order to estimate the quantities of secondary air flow that would be required if the liquid 

samples were burned in a combustion chamber, we established the stoichiometric air 

requirements for 30 and 50 kW energy input equivalent for the liquid samples at an 

atomization air flow rate of 30 SLPM (Table 4). For both energy input levels, the 40:60 bio-

oil:EtOH blend required higher secondary air flow rate than that of diesel, with the 20:80 bio-

oil:EtOH blend requiring less. This is due to the combination of carbon content, density and 

HHV in 40:60 bio-oil:EtOH as compared to the 20:80 bio-oil:EtOH blend. In both instances, 

ethanol would require less secondary air than diesel to achieve complete combustion due to 

its inherently high oxygen content (about 18.65%). We suspect that the inbound oxygen 

would contribute to combustion thereby resulting in a reduced secondary air flow as shown 

in the calculated values (Table 4). Additionally, the presence of intrinsic oxygen in bio-oil 

blends could promote efficient mixing of fuel droplets and oxidant during combustion which 

could, in turn, result in cleaner combustion. The intrinsic oxygen which is already present in 

the fuel would be available in the reaction zone, whereas the oxygen from the combustion air 

will need sufficient time to mix with the liquid fuel droplets to be effective during 

combustion. 

 

 
 
 


















































































































































































































































































































































































































