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ABSTRACT 

The considerable increase in energy demand, the strengthened requirements of 

new emission norms and the limited fuel resources are the major challenges 

for researchers over the world. The use of biodiesel produced from waste 

cooking oil is a promising solution. In the current study, the transesterification 

process used to convert waste cooking oil into a Waste Cooking Oil Methyl 

Ester (WCOME) has been modified and the production time is reduced with 

the help of ultrasonication. Then extensive study on combustor cold flow as 

well as flame characteristics had been carried out. 

 In the first set of experiments, the study compares the cold flow conditions 

(air), flame structure, combustion, and emission of Jet A-1 via the use of two 

swirl burners having different configurations and identical geometric swirl 

number (SN=0.55). The first configuration is a typical High Swirl Burner 

(HSB) with a central bluff body while the second one is a Low Swirl Burner 

(LSB) with central perforated plate allows relatively axial flow to pass through 

the burner center.  

In the second set of experiments, the study identifies the effect of biodiesel 

blending ratio within mixtures of biodiesel/Jet A-1 fuel burned in a confined 

combustor on the flame characteristics and exhaust emissions. The Jet A-1 fuel 

is blended with WCOME with volume fraction of 5, 10, 15 and 20%, 

symbolized as B5, B10, B15, and B20 respectively. For all tested cases the 

Lean Pre-vaporized Premixed (LPP) turbulent flames are examined keeping 

the same equivalence ratio φ = 0.75 and the temperature of premixed fuel/air 

mixtures entering the combustion chamber at 250 °C. 

The main results indicated that the flow field of the LSB is free of a central 

recirculation zone while HSB has a large central recirculation region. The lean 
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pre-vaporized premixed Jet A-1 and air can sustain steady combustion at HSB 

and LSB with comparable global combustion quality. The HSB can generate 

an attached blue cone-shaped flame while the LSB can generate a blue lift-off 

“W” type flame. The HSB flame temperature distribution shows a high-

temperature zone at the burner edge which represent a hot spot region while 

the LSB shows a more uniform flame temperature distribution. The CO and 

NOx concentrations of the HSB through the flame are approximately 50 % 

higher than those for LSB. The local flame temperature distribution of the 

biodiesel/Jet A-1 fuel shows a similar behavior like that of Jet A-1. Biodiesel 

(oxygenated fuel) addition to Jet A-1 has a great effect on the emission 

characteristics of LPP combustion. There was remarkable emissions reduction 

due to biodiesel blending, the maximum reduction in CO was achieved for B20 

as 30% lower than Jet A-1 and the maximum reduction for NOx was achieved 

at B5 as 45% lower than Jet A-1. The Jet A-1 fuel can be replaced by 

biodiesel/Jet A-1 fuel without any modifications in the combustor design as 

they have similar temperature distribution and great emission reduction.  
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1. Chapter 1: INTRODUCTION 

1.1 Overview 

The intensive consumption of fossil fuels in all sectors such as power 

generation, industrial processes, and transportation has engendered extensive 

research to find new alternative fuels. Fossil fuels are non-renewable sources 

of energy which generate environmental pollutants that are related to global 

warming, climate change, and even some incurable diseases. The use of 

biofuels and their mixtures with fossil fuels to provide energy demands is one 

of the notable options. Unlike fossil fuels, which are finite, the biofuels are 

renewable, environmentally friendly and economically competitive. Biodiesel 

is the general name for the like-diesel compounds which can be produced from 

edible and non-edible vegetable-based oils, animal’s fats and even waste 

cooking oil. Biodiesel has gained considerable attention since it is renewable, 

biodegradable, non-toxic, higher cetane number, higher flash point, lower 

emission of carbon monoxide, particulate matters, unburnt hydrocarbon, sulfur 

and volatile organic compounds as compared to conventional diesel [1]. 

The feedstocks used for biodiesel production can be categorized into three 

generations as shown in Table 1-1. The edible oils like soybean, rapeseed, 

palm, castor etc. are categorized as first-generation feedstocks of biodiesel. Of 

course, the first-generation feedstocks are available but their use as biofuel 

feedstock is of great concern because they contend with food materials. So, 

researchers started to use oils derived from non-edible crops like Jatropha and 

Jojoba categorized as second-generation feedstocks of biodiesel. The main 

advantage of using second-generation feedstocks is that there will be no food 

issue and they can be grown in non-agricultural land in the desert and irrigated 

by waste water. The problem of the second generation is that a few farmers are 
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cultivating the second-generation crops. The third-generation feedstocks 

overcome the difficulties faced by previous generation feedstocks such as 

affecting food chain, economic feasibility, and availability [2]. 

Table 1-1 Feedstocks for biodiesel production. 

Edible oil 

(1st generation) 

Non-edible oil 

(2nd generation) 

Other sources 

(3rd generation) 

Rapeseed oil [3] 

Palm oil [4] 

Castor oil [5] 

Soybean oil [6] 

Jatropha curcus [6] 

Jojoba [7]  

Waste cooking oil [8] 

Chicken fat oil [9] 

Fish oil [10] 

Micro algae [10] 

 

Neat biodiesel and its blends with fossil fuels in various proportions reduced 

the unwanted toxic emissions like Unburned Hydrocarbons (UHC), Carbon 

Monoxide (CO) and smoke level where as it augmented the emissions like 

Carbon Dioxide (CO2) and Nitrogen Oxides (NOx) [2]. Further reduction in 

pollutant emissions can be also attained with the help of combustion improving 

techniques. One of these techniques is the lean pre-vaporized premixed (LPP) 

combustion. In this concept, the liquid fuels are burned via premixed 

combustion rather than diffusion combustion and so the corresponding 

complexities in diffusion flames are removed. At the case of lean combustion, 

the flame temperatures become lower leading to reducing the formation of 

thermal NOx. Unfortunately, lean combustion operates near the lean 

flammability limit, where the flame approaches the conditions of its instability. 

Flame stabilization is usually accomplished by using a swirl burner. In order 

to operate gas turbine engines with biodiesel, the flame structure and the 



3 

 

 

combustion characteristics inside gas turbine combustion chambers must first 

be well understood. 

1.1 Objectives of the Present Study 

The present study aims to provide a detailed experimental comparison of the 

cold flow, the combustion and the emissions characteristics for two swirl 

burners having the same swirl number but having different designs 

configurations using LPP combustion technique. The study also aims to 

produce biodiesel from waste cooking oil to get waste cooking oil methyl ester 

(WCOME) following the transesterification process using ultrasonic and 

experimentally study the combustion characteristics of different Jet A-1/ 

WCOME blends on the combustion and the emissions characteristics of LPP 

flame. These objectives can be realized by performing the following tasks: 

1- Collecting waste cooking oil as feedstock for biodiesel production 

2- Make the necessary filtration and cleaning of the collected waste oils 

3- Produce the biodiesel from waste cooking oil under optimal conditions 

to get the highest yield and the acceptable biofuel viscosity. 

4- Design low swirl and high swirl burners having the same swirl number. 

5- Carry out extensive studies on the combustor cold flow as well as flame 

characteristics. 

1.2 Thesis Layout 

The thesis comprises five chapters, including the present one as an 

introduction. In Chapter 2, a detailed review of previous investigations related 

to gas turbine swirl stabilized combustors, gas turbine emissions, and the effect 

of biodiesel on the gas turbine emissions. This chapter is concluded with a 

detailed aim of the present investigation. Chapter 3 describes the experimental 



4 

 

 

apparatus and the measuring techniques used. Error analysis, as well as the 

required analysis of the measured values, are presented in this chapter. 

Chapter 4 is devoted to the description of the experimental program, 

presentation, and discussion of the experimental results. Chapter 5 presents a 

summary and conclusions of the present investigation together with 

recommendations for future studies. 
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2. Chapter 2: LITERATURE REVIEW 

A detailed study was performed to review the past research as well as to extend 

knowledge in the area of lean pre-vaporized premixed swirl stabilized 

biodiesel combustion. In this chapter, the past work related to gas turbine swirl 

stabilized combustors are reviewed. Then the motivations of biodiesel, 

biodiesel production, gas turbine emissions and the effect of biodiesel on gas 

turbine emissions will be discussed. After that, a review about lean pre-

vaporized premixed combustion will be introduced. Finally, the research aims 

will be formulated. 

2.1 Swirl Stabilized Combustors 

The gas turbine is an internal combustion engine that is used for power 

generation and aircraft propulsion. A lot of researches and developments have 

been done to satisfy a wide range of combustor design and its functional 

requirements including high combustion efficiency, wide range of flame 

stability, low pressure loss, low emissions and pollutant species, durability, 

maintainability, and avoidance of combustion instabilities [11]. Two major 

combustion modes are used in gas turbines combustors, diffusion mode, and 

premixed mode. In the diffusion combustion mode, fuel and air entered the 

combustor in separate streams (without mixing) and the combustion occurred 

near stoichiometric air to fuel ratios at high temperatures. Any improper 

mixing between incoming reactants leads to the incomplete combustion. 

Moreover, as combustion temperature is close to the adiabatic flame 

temperature, there is a great tendency for the formation of thermal NOx. The 

incomplete combustion, as well as the NOx emissions, can be reduced if the 

premixed combustion mode is used where air and fuel are mixed upstream of 
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the combustor. The use of lean fuel conditions leads to combustion at lower 

temperatures and so lower thermal NOx formation. However, the use of a very 

lean mixture near the lean blow-off limit can lead to unstable combustion. 

Maintaining flame stability is an important requirement for gas turbine 

combustors. A flame is locally stabilized when the flame speed equals the local 

mean velocity, which means that the flame is stationary at the desired location 

and is resistant to blowoff, flashback, and liftoff [12]. Swirl stabilization is the 

predominant mechanism to control flame stability as well as combustion 

intensity. Swirl can be produced geometrically by vane swirler, mechanically 

by rotation or aerodynamically by tangential injection into a flow stream [13]. 

Swirl flow can be characterized by the swirl number (SN), representing the 

ratio of the axial flux of angular momentum to the axial flux of axial 

momentum [14]. For swirl number higher than 0.6, the swirl is strong enough 

to create a toroidal reversal flow along the axis of the flow [11]. The reverse 

flow entrains and recirculates a portion of the hot combustion products to mix 

with the incoming reactants to stabilize the flame [11]. The recirculation zone 

provides good mixing and strong shear region, high turbulence, rapid mixing 

rates and long residence time [14]. The flow recirculation is generated by the 

low static pressure in the central core of the combustor downstream of the 

swirler. The swirl burners where recirculation zones are clearly formed are 

called high swirl burners (HSB) characterized by high swirl flow and the 

existing of center cylindrical solid body and the corresponding swirl number 

can be expressed as [14]: 

𝑆𝑁 =  
2

3
[ 

1−(
𝐷ℎ𝑢𝑏
𝐷𝑆𝑊

)
3

1−(
𝐷ℎ𝑢𝑏
𝐷𝑆𝑊

)
2 ] tan 𝜃                               Equation 2-1 
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Where, 𝐷ℎ𝑢𝑏 is center body radius, 𝐷𝑆𝑊 is the swirler radius and 𝜃 is the swirl 

vane angle. High swirl burner can operate with both non-premixed and 

premixed combustion. In the non-premixed combustion, the recirculation zone 

is the primary mechanism for enhancing the mixing of the fuel and air. For the 

premixed combustion, the recirculation zone entrains the incomplete 

combustion products to the primary reaction zone and mixes them with the 

fresh reactants. The flow field of a confined high swirl burner consists of six 

main fluid mechanic features which are identified by Chterev et al. [15] as 

shown in Figure 2-1. (A) outer recirculation zone (ORZ), (B) inner 

recirculation zone (IRZ), (C) A high velocity swirling jet that divides these 

recirculation zones, (D) the inner shear layer (ISL) that separates the swirling 

jet and the inner recirculation zone, (E) the outer shear layer (OSL) that 

separates the swirling jet and the outer recirculation zone. (F) The center body 

wake. 

 

Figure 2-1 Flow field of confined HSB, Chterev et al. [15]   

A promising alternative for the high swirl combustion is low swirl combustion 

where the swirl number is lower than 0.6. The low swirl burners (LSB) are the 

designed configuration to produce weak swirl flow where the low axial 

pressure gradient is not strong enough to cause recirculation of the flow. The 

essential flame stabilization mechanism of LSB is divergent flow rather than 
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recirculation zones. The LSB consists of two concentric cylinders, the outer 

annulus provides swirl to the flow, and the central jet allows relatively 

undisturbed flow to pass through. A perforated sheet serves as the blockage in 

the center of the burner that controls the flow split between the inner (un-

swirled) and outer (swirled) region. Generally, the SN of LSB can be 

determined depending on three main geometrical parameters; including the 

ratio of the center channel radius to the burner radius (R = Rc Rb⁄ ), the vanes’ 

angle (𝜃), and the ratio of the mass flux of the unswirled flow to the mass flux 

of swirled flow (known as mass flow split m = mc ms⁄ ) [16] using the 

following relation [17]:  

𝑆𝑁 =
2

3
𝑡𝑎𝑛 𝜃 

1−𝑅3

1−𝑅2+𝑚2((1 𝑅2⁄ )−1)
2

𝑅2
                         Equation 2-2 

A schematic representation of the LSB flow fields is shown in Figure 2-2. The 

flow field is divided into an outer swirling region and a non-swirling inner 

region. A portion of the flow enters the central channel and flow in the axial 

direction (x-direction), the remaining flow crossing the outer swirling annulus 

of the burner which directed it in tangential and radial direction. This creates a 

divergent flow that generates a decaying velocity profile along the centerline.  
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Figure 2-2 Flow field of LSB, Colorado[18] 

Figure 2-3 provides schematics representation of a comparison between the 

aerodynamics of a confined HSB and LSB [19]. As mentioned before, the HSB 

has a central recirculation zone (CRZ) while the LSB has a central divergent 

zone (CDZ).   
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Figure 2-3 Schematic representation of the aerodynamics of a confined (a) 

HSB, (b) LSB, Therkelsen [19]. 

Johnson et al. [20] carried out a comparison between high swirl burner (HSB) 

(SN=0.73) and the same burner modified for operation as a low swirl burner 

(LSB) (SN=0.5). The measurements of the flow fields were performed at 

atmospheric conditions and also at gas turbine relevant conditions of elevated 

temperature and pressure using PIV. The measurements of the flow fields for 

both burners demonstrated that the LSB is free of recirculation while the HSB 

has large recirculation zones. Littlejohn et al. [21] conducted laboratory 

experiments to investigate the fuel effects on the turbulent premixed flames 

produced by a gas turbine LSB. The analysis of the normalized velocity 

statistics showed that the non-reacting and reacting flow fields of the LSB have 

similar features. Legrand et al. [22] performed stereoscopic PIV measurements 

for both a conventional HSB and LSB. The results indicated that the LSB has 

a reduced recirculation zone in comparison with the HSB configuration. The 
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authors concluded that the flame in the LSB is stabilized by means of a low 

velocity zone more than by the recirculation zone. Authors also noted that 

asymmetries were presented in the mean flow fields of low swirl flames due to 

the rotation of low-velocity structures about the inner core axial flow. It can be 

concluded that the use of HSB would be more effective for diffusion flames 

rather than for premixed flames to get better mixing but there will be a zone of 

intense shear and so expected higher local temperature. 

2.1.1 Review on the geometry of low swirl burner 

The following section presents some of the design constraints of LSB used in 

the previous studies as well as a brief description of its configurations. 

Therkelsen, et al.[16], performed a parametric study on different geometrical 

configuration of LSB for methane burned in the open atmosphere to conclude 

the constraint for LSB design. The results demonstrated that SN should be 

between 0.4 and 0.55. The swirler can have straight or curved vanes with angle 

α from 37o to 45o. The optimum center channel to burner radius ratios R can 

be from 0.5 to 0.8. In addition, the exit length L can be from 2 to 3 times the 

burner radius 𝑅𝑏. Data summarized in Table 2-1 collects the design parameters 

of LSB used in previous studies cited in the literature. 

Table 2-1 Review on the values of the swirler design variables 

Ref 
Number 

of vanes 

Vane 

angle α 
R= 

𝐃𝐡𝐮𝐛

𝐃𝐒𝐖
 

Blockage 

ratio 
Swirl number 

Therkelsen et al. 

[16] 
16 

32, 37 

and 42 

0.52, 0.67 

and 0.8 
- 

From 0.4 to 

0.55 

Cheng et al. [23] 16 40 0.63 58% 0.51 
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Ref 
Number 

of vanes 

Vane 

angle α 
R= 

𝐃𝐡𝐮𝐛

𝐃𝐒𝐖
 

Blockage 

ratio 
Swirl number 

Littlejohn et al. 

[24] 
8 37 0.776 71% 0.4 

Cheng et al. [25] 16 40 0.66 - 0.5 

Johnson et al. [20] 16 45 0.63 58% 0.5 

Day et al. [26] 8 37 0.76 78% 0.55 

Feyz et al [27] investigated the effect of burner exit length on the combustion 

characteristics of LSB operating on natural gas. The results showed that, the 

increase in the exit length from 1 DSW to 1.5 DSW significantly improves the 

temperature uniformity, increases the flame heat exchange to the walls 

relatively by 4.9% and limits the stack losses at 28%. 

Cheng et al [23] studied the effects of combustor geometry on the flame and 

flow field properties of a LSB configured for burning of hydrocarbon and 

hydrogen fuels in gas turbines by changing the diameter of the confined tube 

attached at the exit plane of the burner. The PIV measurements result reported 

that the supply of un-swirled flow through the center channel of LSB retards 

the formation of a central recirculation zone occurred at combustor exit and 

promotes the formation of flow divergence occurred above burner rim. The 

optimum expansion ratio needed to decrease the recirculation zones occurred 

when the enclosure radius is about three times larger than the burner radius i.e. 

3:1.  

2.1.2 Review on low swirl burner emissions 

From the literature, it can be noticed limited works cited where the emissions 

using LSB are investigated. Among the available literature, Johnson et al. [20] 

carried out a comparison between emissions formed using HSB (SN=0.73) and 
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that of using LSB (SN=0.5). The measurements demonstrated that the NOx 

emissions of LSB were 60% lower than those of HSB, but the CO emissions 

were comparable under the same operating range. Koyama et al. [28] 

investigated the adaptation of the liquid-fueled LSB for industrial gas turbine 

combustor application over a wide range of inlet conditions and equivalence 

ratios. The results revealed that the NOx emissions were reduced and met the 

Japanese regulation limits for liquid-fueled burners. Sequera et al [29] reported 

emissions measurements for a LSB operated by combustible gaseous mixtures 

of methane (CH4), hydrogen (H2), and carbon monoxide (CO) to simulate 

synthetic gas produced by coal gasification. The experiments were conducted 

at atmospheric pressure and the reactants were at room temperature (T=293K). 

Results showed, that the NOx emissions for simulated syngas fuel mixtures are 

correlated with the adiabatic flame temperature. The CO emissions increased 

with the increase in the adiabatic flame temperature. Measured NOx and CO 

emissions profiles show that the structure of turbulent flames from the LSB are 

similar to those for laminar premixed flames. From these limited works, it can 

be concluded that the use of LSB has a great effect on emission reduction 

globally better than that of HSB. 

2.2 Biodiesel  

The limitation of fossil fuel resources such as coal, petroleum oil, natural gas, 

etc. and the increase of environmental pollution force the scientific community 

to find alternative fuels with low emissions to be used in different combustion 

devices. One of the promising alternatives that can substitute petroleum diesel 

fuels is the biodiesel. Biodiesel is the general name for the like-diesel biofuel 

produced from edible and non-edible vegetable-based oils, animal’s fats and 

even waste cooking oil. 
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Waste cooking oils biodiesel offer great potential beside its closed-loop energy 

cycle due to its substantial economic and environmental benefits. One of the 

most advantageous of burning waste cooking oil biodiesel is that it releases 

purely biogenic carbon, as it is derived from plant matter. When these plants 

uptake carbon from the atmosphere, it is stored until they are burned or used 

as feedstock for biodiesel production. Thus, the combustion of this biodiesel 

only returns the carbon the plants took out of the atmosphere initially [30]. 

The main problems that prevent the direct use of the raw waste cooking oils in 

different combustion systems are its high molecular weight, high viscosity and 

low volatility which lead to poor atomization in the combustion chamber [31]. 

The conversion of raw waste cooking oils into biodiesel is an efficient way to 

overcome these problems. Pyrolysis, emulsification, and transesterification are 

the popular techniques used to produce biodiesel. However, the use of 

transesterification is the most common economic and effective technique.  

2.2.1 Transesterification reaction  

In the transesterification process, the triglyceride molecules of vegetable oils 

are converted into smaller, straight chain molecules (almost similar in size to 

the molecules of the species present in diesel fuel). Figure 2-4 shows 

transesterification schematic representation. 

 
Figure 2-4 Stoichiometric transesterification reaction 

Oil

𝐶𝐻2 − 𝑂𝐶𝑂𝑅1

𝐶𝐻2 − 𝑂𝐶𝑂𝑅2

𝐶𝐻2 − 𝑂𝐶𝑂𝑅3

Alcoho

3 𝐶𝐻3𝑂𝐻

Glycerol

𝐶𝐻2 − 𝐶𝐻 − 𝐶𝐻2

OH      OH      OH

Biodiesel

𝑅1𝐶𝑂𝑂 − 𝐶𝐻3

𝑅2𝐶𝑂𝑂 − 𝐶𝐻3

𝑅3𝐶𝑂𝑂 − 𝐶𝐻3
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The following subsections represent the main parameters affecting the 

transesterification reaction of biodiesel and then review about the biodiesel 

production researches via transesterification of vegetable oils will be stated. 

2.2.2 The parameters affecting the transesterification reaction 

Transesterification is the reaction of triglyceride molecules of vegetable oils 

and alcohol to produce esters and glycerol. The most critical parameters that 

influence the transesterification reaction time and conversion are: - 

• Catalyst type and concentration 

Alkalis, acids, or enzymes can catalyze the biodiesel in the 

transesterification reaction. Alkali-catalyzed (NaOH, KOH) is the most 

commonly used in the transesterification reaction of waste cooking oil as it 

is much faster than acid-catalyzed (HCl, H2SO4) transesterification [32].  

Attia and Hassaneen. [33] investigated biodiesel production from waste 

cooking oils with different base catalysts (NaOH, KOH). They also evaluated 

the effects of the catalyst weight (0.5% and 1%). The optimum condition that 

produced the highest yield around 96% was 60°C reaction temperature, 1% 

wt/wt KOH catalyst and 6:1 molar ratio of methanol to oil. The KOH show 4% 

higher conversion in comparison with NaOH. 

Refaat et al. [34]  investigated biodiesel production from waste cooking oil 

with KOH and NaOH as a catalyst with different concentrations (0.5% and 

1%) by weight. The optimum condition that produced the highest yield around 

98.16% was 65°C reaction temperature, 1% wt/wt KOH catalyst and the molar 

ratio of 6:1 of methanol to oil. The KOH show 1% high conversion in 

comparison with NaOH. 
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The increase of catalyst concentration has an adverse impact on the product 

yield as any excess amount of alkali catalyst reacts with triglycerides to form 

more soap [35]. 

• Mixing intensity  

Mixing plays a great role in the transesterification reaction as oil and methanol 

are immiscible [36]. Ultrasonic sound waves with low frequency is an efficient 

mean to generate proper mixing. It can significantly reduce the reaction time 

to accelerate biodiesel production process. Ultrasonic waves main effect on 

chemical reactions comes from the formation and collapse of microbubbles 

that improves the mass transfer by disrupting the interfacial boundary layers 

[37]. 

Kumar et al. [38] had successfully conducted that presence of ultrasonic 

irradiation (50% amplitude, 0.7 s cycle each second) enhanced the kinetic rate 

of transesterification of Jatropha curcus oil, with a reduced reaction time to 

15 min compared to 6 h of conventional processing time with an obtained yield 

of 98%. Samani et al. [39] found that pistachio biodiesel conversion (yield) in 

the biodiesel produced by the ultrasonic system was 7.5 times greater than that 

of the conventional method. 

• Alcohol to oil molar ratio and alcohol type 

One of the most critical variables affecting the biodiesel (alcohol ester) yield 

is the molar ratio of alcohol to oil (triglyceride). The stoichiometric molar 

ratio of alcohol to triglycerides is 3:1 which yield three moles of fatty acid 

alkyl esters and one mole of glycerol. However, an excess amount of alcohol 

is required to ensure the completeness of the transesterification reaction; as the 
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conversion reaction is reversible so additional value is needed to get complete 

conversion of the raw oil. Many researchers confirm that maximum conversion 

to the ester occurs at a molar ratio of 6:1 [33].  

Methanol and ethanol are the most common alcohols used in the 

transesterification reaction. They are not miscible with triglycerides at ambient 

temperature, so the mixing is essential to enhance the mass transfer. Most of 

the Egyptian researchers prefer to use methanol due to its availability and its 

low cost. 

• Reaction temperature 

The reaction temperature affects the yield of biodiesel. As the reaction 

temperature is increased, the biodiesel conversion rate increases and the 

reaction time decreases because of the reduction of oils viscosity. However, 

that increase in reaction temperature more than the optimal value leads to 

deterioration of biodiesel yield, because the saponification of triglycerides 

increases at the higher reaction temperature. To prevent the alcohol 

evaporation during transesterification reaction, the temperature should not 

exceed the alcohol boiling temperature. Usually, the optimal reaction 

temperature range is from 50°C to 65°C [35].  

2.3 Gas Turbine Emissions 

Gas turbine engines in addition to diesel generators, emit undesirable 

emissions. The most regulated air pollutants include nitrogen oxides (NOx) and 

carbon monoxide (CO). The following sub-section covers the definition, 

formation mechanism, and reduction methods of gas turbine emissions, mainly 

CO and NOx emissions. 
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2.3.1 Carbon monoxide (CO) 

CO the major intermediate species before complete oxidation of carbon 

contents into CO2 during the combustion of hydrocarbon fuels. As such, 

hydrocarbon fuels first are broken down and form a substantial amount of CO 

then the oxidation of CO to CO2 occurs later. CO can be produced due to many 

reasons; including: 

• the inadequate O2 in rich combustion as in diffusion combustion.  

• the low temperature of lean combustion, where  OH radical (the 

determining factor in the oxidation of CO to form CO2) is limited (this 

active radical is produced when the temperature is greater than 1100 K) 

[40]. 

• the high temperature that tends to increase the produced CO due to the 

dissociation reaction of CO2 to form CO. 

Thus, reduction of CO emissions can be achieved by complete oxidation rate 

of carbon to carbon dioxide which can be attained with increasing flame 

temperature, increasing the available oxygen, increasing the combustion 

pressure, and lengthening the residence time to achieve the equilibrium of CO 

also with ensuring good mixing to eliminate local rich zones and so decreasing 

the CO formation. 

2.3.2 Nitrogen oxides (NOx)  

NOx is the term comprising both gases of nitric oxide (NO) and nitrogen 

dioxide (NO2). NO is mainly formed in a combustion process due to high 

temperature (>1850 K), the long residence time in the reaction zone and high 



19 

 

 

pressure [11]. NO2 is formed by oxidation of NO in the lean combustion 

conditions at low temperature. Generally, the concentration of NO2 is lower 

than that of NO because the rate of the oxidation of NO is too slow to give 

significant conversion in short residence time. In order to control the formation 

of NOx emissions, the various mechanisms of NOx formation should be well 

understood. There are three major mechanisms to produce NOx: thermal NOx 

(Zeldovich mechanism) [11], fuel NOx and prompt NOx (Fenimore) [41]. 

• Thermal NOx (Zeldovich mechanism) 

Thermal NOx is an endothermic reaction producing NO and the significant rate 

can be produced only at temperatures above 1850 K due to the high activation 

energy required to initiate the oxidation of nitrogen (first reaction). The 

extended Zeldovich mechanism consists of three principal reactions 

controlling the production of thermal NOx: 

N2 + O         NO + N               

N + O2          NO + O 

N + OH         NO + H 

To control the thermal NOx, the combustor should operate at a low temperature 

that can be achieved at lean conditions i.e. low equivalence ratio as thermal 

NOx is mainly depended on the flame temperature which is decreased by 

decreasing the combustor equivalence ratio. 

• Prompt NOx (Fenimore) 

The prompt NO is produced from the rapid reaction of atmospheric nitrogen 

(N2), with short-lived hydrocarbon radicals such as C, CH, and CH2 in the 
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reaction zone at low temperature (below 1000 K) [40]. The prompt NO can be 

ignored under lean combustion conditions due to the reduced hydrocarbon 

radical concentration. 

• Fuel NOx 

Most fossil fuels especially coal contain small amounts of fuel bound nitrogen 

which can form fuel NOx. The fuel NOx results from the oxidation of the 

nitrogen contained in the fuel. The significant rate can be produced only when 

the combustor operates at rich conditions using fuel having a large fraction of 

nitrogen compounds. The liquid and gases fuels used in gas turbine combustion 

contain approximately no fuel bound nitrogen as compared to solid fuels and 

hence fuel NOx is ignored. 

2.4 Emissions Characteristics for Biodiesel in Gas Turbines 

There are a lot of researchers who focused on the investigation of combustion 

and emission characteristics of biodiesel in gas turbines; as collected in Table 

2-2. This table shows selected studies related mainly to the adoption of the LPP 

concept in gas turbine applications using conventional fuel (Jet A-1 or diesel), 

biodiesel and blends of Jet A1 and/or diesel with biodiesel. The latter is 

obtained from different renewable sources including Jojoba methyl ester 

(JME), Palm Methyl Ester (PME), Jatropha Pure Oil (JAPO), Jatropha Methyl 

Ester (JAME), Soy Methyl Ester (SME), Canola Methyl Ester (CME) and 

Rapeseed Methyl Ester (RME). There were no detected studies where 

WCOME was studied, so other biodiesels (characterized by oxygen contents 

as that of WCOME) were noticed to explore the impact of biodiesel on gas 

turbine emissions. It can be concluded that the use of biodiesel and its blends 
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with fossil fuels in gas turbine combustors would be more effective for the 

reduction of CO and NOx emissions. 

Lean Pre-vaporized Premixed (LPP) concept introduces a promising solution 

to meet the purpose of reducing NOx emissions as well as other pollutants [11]. 

In this concept, the liquid fuels are burned via premixed combustion rather than 

diffusion combustion and so the corresponding complexities in diffusion 

flames are removed. However, LPP combustion suffers from a number of 

problems such as combustion instabilities ([42] and [43]). Providing the 

combustor with a swirling flow commonly enhances the LPP flame stability 

[44]. The emission characteristics of LPP combustion depend on the flow field, 

fuel evaporation and the fuel/air mixing quality [45]. 

Table 2-2 Selected previous studies related to biodiesel emission in gas 

turbine applications 

Reference Test Conditions Findings 

Gokulakrishnan 

et al. [46] 

o Fuel oils, 

o High pressure, 

o Swirl-stabilized LPP 

combustion system 

• Fuel oils achieved very 

low NOx emissions 

comparable to those of 

natural gas in a lean 

premixed combustion 

system. 

Attia et al. [47] 

o Jet A-1 fuel 

o Blends of Jet A-1 with 

jojoba methyl ester 

(JME) fuel 

oLPP swirl-stabilized 

combustion test rig 

o φ=0.87 

o SN=0.78. 

o Combustor inlet 

temperature =170°C. 

• As the blending ratio of 

JME increases the NOx 

emissions decrease. 

• The CO emission is 

higher than that of the 

Jet A-1 fuel by 

approximately 0.15 % at 

the end of the test 

section. 
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Reference Test Conditions Findings 

Hashimoto et al 

[48] 

o Atmospheric pressure 

o Palm Methyl Ester 

(PME) 

o Atmospheric pressure 

o Air Preheating 

Temperature = 400°C. 

• For excess air ratio of 

2.53, the NOx emissions 

for PME were lower 

compared to diesel under 

the same operating 

conditions. 

• The CO emissions were 

comparable for both 

fuels. 

Hashimoto et al 

[49] 

o Jatropha Pure Oil 

(JAPO) 

o Jatropha Methyl Ester 

(JAME) 

• CO emissions for the 

pure oil were higher than 

those of diesel and 

JAME, especially at a 

low adiabatic flame 

temperature. 

• NOx emissions were 

comparable for all the 

tested fuels, especially at 

fixed air flow rates. 

Habib et al [50] 

• Fuel: 

- Jet A 

- Soy Methyl Ester 

(SME) 

- Canola Methyl Ester 

(CME), 

- Rapeseed Methyl Ester 

(RME), 

- Blends: 

- B50 (i.e. blends 

containing 50% of Jet A 

and 50% of biodiesel on 

the volume basis 

• The biodiesel and 

biodiesel Jet A blends 

reduced the CO and NOx 

emissions emitted from 

the turbine. 

 

2.5 Research Aims  

From the previous literature review it can be concluded that the LPP system 

can be tested under different conditions (including fuel type, preheat 
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temperature, and mixture strength) and it has a great remarkable positive effect 

on NOx and CO reduction in addition to its enhanced combustion efficiency. 

However, there were few studies conducted to investigate the combustion 

performance of liquid biofuels using a swirl stabilized LPP technique, with 

rare investigations where biofuel produced from waste cooking oil was studied. 

Biodiesel addition to fossil liquid fuels has a great ability to reduce gas turbines 

toxic emissions. There was no work at least in Author’s hand where LSB and 

HSB having the same SN were compared. 

Based on these conclusions the main objective of the present study is to 

investigate the influence of WCOME blending ratio on the combustion 

characteristics of swirled stabilized LPP flames of blended fuels. This 

objective can be realized by achieving the following tasks:  

1. Design and manufacture of two swirl burners having identical swirl 

number and different swirl flow configurations. 

2. Compare the cold flow, the combustion and the emissions 

characteristics for the previous burners using LPP combustion. 

3. Produce biodiesel from waste cooking oil to get WCOME following 

the transesterification process using ultrasonic waves. 

4. Study the combustion characteristics of different blends of Jet A-1 and 

WCOME on the combustion and emission characteristics of swirl 

stabilized LPP combustion. 

5. Compare the Jet A-1 / WCOME blends with that of the reference fuel 

(Jet A-1) using swirl stabilized LPP combustion.  
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3. Chapter 3: TEST FACILITY AND PROCEDURE 

This chapter describes the experimental setup and the measuring techniques 

used in this study. In the first part of the chapter, the biodiesel production 

procedures via transesterification reaction are discussed. Then the biodiesel 

evaluation is performed. Finally, the physical and chemical properties of the 

produced biodiesel are determined following the corresponding standard tests 

methods. In the second part of this chapter, the components of the combustion 

test facility are described in detail. Then the measuring instruments used to 

determine the cold flow, flame temperature and species concentrations are 

briefly discussed. Finally, test procedure and data analysis are formulated. 

3.1 Biodiesel Production Procedures 

In this study waste cooking oil collected from fast food restaurants has been 

considered as feedstock for biodiesel production. The technical specifications 

of the received raw oil after its filtration and cleaning from suspended materials 

are listed in Table 3-1. 

Table 3-1 Technical specifications of the used raw waste cooking oil 

 Fuel Property  Value 

Density @ 15°C, kg/m3 0.93 

Kinematic viscosity @40°C, mm2/s 40.3 

Flashpoint °C 200 

Pour point °C 15 

Water content (%) 0.5 

Higher heating value (MJ/kg) 35.5 

Cetane number 42 

Transesterification process has been used to convert waste cooking oil into 

biodiesel. In the current study, the used base catalyst is potassium hydroxide 



25 

 

 

(KOH), and the alcohol is methanol. The major steps to produce biodiesel 

using ultrasonic transesterification are shown in Figure 3-1. Based on the 

review of the previous researches the following procedures are conducted to 

perform the transesterification. 

 

Figure 3-1 Major steps to produce biodiesel using ultrasonic waves 

• Pretreatment of waste cooking oil  

The pretreatment stage is divided into two steps. The first one is the filtration 

process. The collected waste cooking oil should be heated up to reduce the high 

viscosity of WCO which almost losses its flow characteristics below 15℃. 

Then oil is filtered to remove dirt, charred food, and other non-oil material 

found. The second step is moisture removal by preheating the waste cooking 

oil to 120℃ for 15 min which let the water contents within oil to evaporate. 

Then oil is allowed to be cooled naturally. 

• Transesterification reaction  

The experiment was carried out in a 2 liters flask. A mixture of 330 ml of 

methanol and 1% wt. KOH was agitated using a magnetic stirrer (IKA C-MAG 
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HS 7) for 5 min to form potassium methoxide and water according to the 

following reactions.  

CH3OH + KOH → KOCH3 + H2O            Equation 3-1 

Then, 1 liter of raw waste cooking oil was heated to 65°C by using a hot plate 

controlled by (IKA ETS D-5) temperature controller. After that, the hot oil was 

mixed with the previously prepared potassium methoxide. Afterward, the 

mixture was transferred to be subjected to ultrasonic waves for 15 min. 

Ultrasonic irradiation was provided by a UP200S Hielscher as shown in   

Figure 3-2. 

 

Figure 3-2 Ultrasonic setup 

• Biodiesel and glycerin separation 

Once the reaction is completed, the oil is transferred to a settling vessel for      

2-3 hours, where the biodiesel and glycerol byproduct settled and separated. 

The density difference between these liquids is a dominant parameter in the 

separation process. The glycerol is drawn-off from the bottom of the settling 

vessel by gravity force. The settling and separation process is shown in     

Figure 3-3. 
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Figure 3-3 Settling and separation process 

• Biodiesel washing and drying   

Biodiesel washing process follows the glycerol separation process to remove 

any residual components within the biodiesel fuel, mainly excess methanol and 

soap content. This process is repeated many times (2-3) to have completely 

clean biodiesel as shown in Figure 3-4.The washing is accomplished by using 

worm potable water at 50℃. The washed biodiesel then dried by increasing its 

temperature to 120℃. The clean biodiesel is shown in Figure 3-5. 

 

Figure 3-4 Water washing process 
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Figure 3-5 Waste cooking oil biodiesel 

3.2 Produced Biodiesel Evaluation 

The quality of the biodiesel preparation process can be evaluated according to 

the physical and chemical properties of the biodiesel and the product yield 

which is defined as the percentage volume of the final product (biodiesel) 

relative to the volume of raw oil. In the current experiment, the product yield 

was 98%. The following part of the chapter will concern with the evaluation 

of physcio-chemical properties of the prepared biodiesel at the Advanced 

Testing Lab for Measurements of Environment and Biofuel funded by STDF 

at Benha Faculty of Engineering. including the flash point. density, viscosity, 

heating value, elemental analysis, and thermogravimetric analysis. 

• Biodiesel thermogravimetric analysis 

The thermogravimetric analysis (TGA) measures the amount and rate of mass 

change of a material as a function of the increased temperature. This analysis 

is used in the current study as an indication of fuels volatility with the help of 

Labsys Evo-Setaram analyzer shown in Figure 3-6. In this test, a fuel sample 

was put in alumina crucible of the capacity of 440 μl and the fuel quantity was 

measured by Mettler Toledo X6 sensitive balance (with an accuracy of ±1 μg). 
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The temperature was increased from 25 to 550 °C with a heating rate of 15 

°C/min in an atmosphere of argon supplied at the rate of 200 ml/min. The 

weight loss percentage of the sample was monitored throughout the heating 

process; as shown in Figure 3-7 where TGA for raw waste cooking and 

WCOME are provided. 

It is observed that the mass of the biodiesel starts to decrease approximately at 

a temperature higher than 250°C, and it continues decreasing until all the 

biodiesel is almost vaporized. Similarly, evaporation of raw waste cooking oil 

starts approximately at 400°C and ends at about 475°C. Thus, the 

transesterification process enhanced the volatility characteristics of the 

produced WCOME. 

 

 

 

Figure 3-6 Thermal analyzer setup 
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Figure 3-7 The thermogravimetric analysis of WCOME B100 and raw WCO 

• Elemental analyzer (EA) 

The Euro Vector EA3000 of CHNS-O Elemental Analyzers, shown in Figure 

3-8, with its dedicated software Callidus, is used to determine Carbon, 

Nitrogen, Hydrogen, and Sulphur mass fraction in the biodiesel and raw waste 

cooking oil. This is achieved through the combustion of the sample in a tin 

crucible at a reactor packed with electrolytic copper and copper oxide at a 

temperature of 980°C, and the resultant gaseous species (N2, CO2, H2O, and 

SO2) are analyzed using a thermal conductivity detector (TCD). 
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Figure 3-8 Elemental analyzer setup 

The physicochemical properties of the prepared WCOME compared to those 

of Jet A-1 are shown in Table 3-2. The main properties of WCOME meet the 

ASTM requirements. The main differences for those of WCOME over those 

of Jet A-1 include 10% higher density, more than 4 times higher viscosity, 3.5 

times higher flash point and twice molecular weight values, 8% lower heating 

value, slight lower carbon/hydrogen ratio, and oxygen contents of 11% on 

mass base. These properties indicate that the atomization of WCOME is poorer 

than that of Jet A-1 leading to the formation of larger fuel droplets having a 

higher boiling time. Thus, the use of higher portions of WCOME will lead to 

partially premixed rather than fully premixed combustion. 

Table 3-2 Properties of the used fuels, Jet A-1 and waste cooking oil biodiesel 

Property Test method Jet A-1 WCOME 

Specific gravity at 15°C ASTM D-1298 0.797 0.877 

Viscosity at 40°C, cSt ASTM D-445 1.08 4.53 

Pour Point °C ASTM D-97 -43 -6 

Flash Point °C ASTM D-93 39 130 

Boiling point °C at 1 atm ASTM D-86 163 350 

Lower calorific value, 

MJ/kg 
ASTM D-240 43.465 39.98 
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Property Test method Jet A-1 WCOME 

Molecular weight, kg/kmol - 148.025 290.914 

Elemental analysis, % by 

mass: 
   

Carbon  

Euro Vector EA3000 

CHNS/O Elemental 

Analyzer 

86.51 77.22 

Hydrogen  13.48 11.46 

Sulfur  Nil Nil 

Oxygen  Nil 11.3 

Nitrogen  Nil Nil  
 

3.3 The Combustion Test Rig  

The experiments are conducted using swirl stabilized lean pre-vaporized 

premixed (LPP) combustion test rig in continuous combustion laboratory, 

Mechanical Power Department, Benha Faculty of Engineering, Benha 

University, Egypt. The combustion chamber is opened to the atmosphere and 

thus, all tests are made at atmospheric pressure. The schematic diagram of the 

experimental test rig is illustrated in Figure 3-9. The major components of the 

current test facility are the air delivery system, air heating system, fuel supply 

system, swirl-stabilized burner, and the combustion chamber. The following 

sub-sections provide more details about the experimental apparatus used.  
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Figure 3-9 Test rig schematic drawings 
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3.3.1 Combustor and swirl burners 

The combustor used in this study is a simple vertical confined steel tube with 

150 mm internal diameter and 500 mm length as shown in Figure 3-10. The tip 

of the burner is aligned with the dump plan of the combustor. The flame is 

ignited by means of an electrical ignition circuit consists of two steel electrodes 

and a high voltage transformer. The detailed discussion regarding the selection 

of the current combustor dimensions is stated by El-Zoheiry [51]. The 

combustor tube is provided with a longitudinal groove to facilitate 

measurement of local concentration and local temperature at specific radial and 

axial positions. The combustor exit was opened directly to the atmosphere 

without any restrictions. 

 

Figure 3-10 The LPP Combustor 

Swirl burner 

Confined tube  

Measurement 

grove 
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The swirl burners used in the current study are illustrated in Figure 3-11; 

including HSB and LSB. The HSB consists of 8 straight fixed axial vanes with 

1.25 mm thickness attached to the outer surface of a center body with a 

discharge angle 𝜃 = 35° relative to the incoming fiow. The HSB has outer 

annular and center bluffbody radius of 𝑅𝑏 = 21.5 mm and 𝑅𝑐 = 11.2 mm, 

respectively. The swirl lengths is 𝐿𝑠= 26 mm. The corresponding geometric 

swirl number is calculated using Equation 2-1 in this case SN = 0.55.  

The LSB has outer annular and center channel radius of 𝑅𝑏 = 21.5 mm and 𝑅𝑐 

= 13.5 mm, respectively, with the ratio of 𝑅 = 0.628. The channel and the swirl 

lengths are 𝐿𝑐= 13.5 mm and 𝐿𝑠= 26 mm, respectively. The LSB has 8 stright 

axial vanes mounted around the central channel with a discharge angle of 𝜃 = 

40° relative to the incoming fiow. The blockage ratio of the center straight flow 

is controled by a perforated plate has a diameter of 27 mm and 5 mm thickness. 

It is provided with 40 holes of 3 mm diameter arranged in a circular pattern. 

The corresponding swirl number is calculated using Equation 2-2 in this case 

SN = 0.55.  

(a) HSB 

 (b)  LSB 
 

Figure 3-11 The configurations of the present HSB and LSB  
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Table 3-3 Geometric dimensions of the present HSB and LSB 

Parameters HSB LSB 

SN 0.55 0.55 

θ 35° 40° 

n 8 8 

Li - 54 mm 

LS 26 mm 26 mm 

LC - 13.5 mm 

R 0.521 0.628 

 

3.3.2 Air delivery system 

A screw compressor supplies air to a pressure accumulator tank of 2 m3 

capacity. The accumulator tank is kept at relatively constant pressure between 

9 bar to 10 bar. A pressure regulating valve is installed after the tank and before 

the air enters the test facility to provide a constant supply pressure and to 

eliminate the air flow fluctuation. The pressure regulating valve can change 

the pressure from 0 to 10 bar. During the experiments the pressure is adjusted 

to 10 bar to match the requirements of other elements in the whole test facility. 

The actual air volume flow rate during operation is measured using a Dwyer 

high flow glass rotameter (Model DR41404 of flow range from 1 to 16 CFM 

i.e. 1.7 to 27.2 m3/hr.). The air pressure is measured by means of a pressure 

gauge installed after the pressure regulating valve to calculate air density. The 

air inlet temperature is measured by thermocouple type T connected with 

DAQ. Figure 3-12 shows the main components of the air delivery system. 
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(a) Screw compressor (b) Regulator  (c) Rotameter 

Figure 3-12 The main components of the air delivery system. 

3.3.3 Air heating system 

A set of four process air inline heaters are used to preheat the air entering the 

system from room temperature up to above the Jet A-1 fuel boiling point. This 

preheat temperature is monitored using K-type thermocouples at the heaters 

exit in conjunction with the data acquisition card. The air heaters outlet 

temperature is controlled using two variable autotransformers. The variable 

autotransformers supply the heaters with the predefined power as a function of 

the inlet voltage for fixed resistance of heaters. A pressure switch is installed 

on the air line before the heaters to protect the heaters from no flow operating 

conditions. The pressure switch and the contactor are responsible for 

automatically disconnecting the power from heaters in case of no air flow. 

Additional specifications about the used equipment in the air heating system 

are presented in Table 3-4.  
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Table 3-4  Specifications of the devices used in the air heating system 

Sn. Device Model Specifications 

1-  Inline air heaters Omega AHPF-122 - 240 V 

- 1200 W 

- Max CFM is 15 

2-  Inline air heaters Omega AHP-7562 - 240 V 

- 750 W 

- Max CFM is 20 

3-  Variable 

autotransformer 

SEIDEN - Ampere range is (0-8 A) 

- Voltage range (0-240 V) 

4-  Pressure switch Euroswitch NO 

model 4111122DI 

- Pressure range (0-10 bar) 

- Tolerance (0.1 bar) 

 

3.3.4 Fuel supply system 

The fuel is pumped from a scaled beaker of two liters capacity using fuel pump 

model (SUNTEC-AL Oil Pump of pressure range from 1-25 bar). The fuel line 

is provided with two fuel filters. The first one is located before the pump and 

the other before the fuel flow meter. Filters are employed to protect the fuel 

pump and flow meter from blockage due to any impurities in fuel or in fuel 

line. A pressure gauge is installed to monitor the pressure after the pump. The 

fuel volume flow rate during operation is measured using a Dwyer high flow 

glass rotameter (Model DR224632). The pressurized fuel is injected via a 

pressure atomizer inside the mixing steel pipe. The fuel injector consisted of 

the nozzle adapter, fuel nozzle, and sintered filter. The fuel nozzle is installed 

on the nozzle adapter which is made from brass. The main part of the fuel 

injector is the fuel nozzle which is a single hole nozzle having 1.9 l/h flow rate, 

and 30° solid spray angle. 
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3.4 Measuring Instruments 

3.4.1 Cold flow measurements 

For cold flow measurements, a calibrated L-shape five-hole pressure probe 

with a tip diameter of 3.18 mm and a 152.4 mm overall length has been used.  

The five-hole probe is connected with DAQ system to determine the axial, 

tangential, and radial velocity components. The analysis is performed via 

Aeroacquire software (version 4.10.2) to obtain the velocity vectors, total and 

static pressures. The five-hole probe and DAQ system are shown in Figure 

3-14. The tip geometry of the five-hole probe and its coordinate system are shown 

in Figure 3-13 while the flow chart for calculating the velocity components are 

shown in Figure 3-15. Where 𝑃1 is the pressure measured at the central probe 

hole, 𝑃2, 𝑃3 are the pressures measured in the pitch plane, 𝑃4, 𝑃5 are the 

pressures measured in the yaw plane. 𝑃𝑡 is the total pressure, 𝑃 is the static 

pressure. 𝑘𝑡 is the total pressure coefficient, 𝑘𝑠 is the static pressure coefficient, 

𝑘𝛽 is the directional coefficient in pitch plane, and 𝑘α is the directional 

coefficient in yaw plane. 

 

Figure 3-13 The tip geometry of the five-hole probe and its coordinate system 
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(a) Five-hole pressure probe 

 

(b) DAQ system 

 

Figure 3-14  Five-hole pressure probe and DAQ system. 
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Figure 3-15 The flow chart for calculating the velocity components 
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3.4.2 Temperature measurements 

The temperature measurements were performed using a fine type R 

(platinum/platinum-13% rhodium) thermocouple with ceramic tube insulation. 

The thermocouple has 100 µm wire diameter and 0.6 mm bead diameter and 

accuracy of ±1.5°C. The wall temperatures of the combustor are measured at 

twelve different locations along the combustor wall by calibrated K type 

thermocouples. The signals of all thermocouples are acquired automatically 

utilizing Data Acquisition Card Model NI USB-9213 and LabView software.  

 

Figure 3-16 Fine type R (platinum/platinum-13% rhodium) thermocouple. 

3.4.3 Species concentrations measurement 

The combustion gases are sampled along the combustor axis by a water-cooled 

stainless steel probe (indirect quenching probe of 8 mm outer diameter) in 

conjunction with a handheld gas analyzer (ECOM-J2KN Pro). The cell types, 

measuring range, and accuracy of the emission analyzer for each constituent 

are illustrated in Table 3-5. 

Table 3-5 Resolution and range of gas analyzer for emission concentrations 

Gas emission Measuring range Resolution  Uncertainty Principle 

O2 21 vol. % 0.1 vol. % 0.48% Electrochemistry 

CO2 0 ... 20 vol. % 0.1 vol. % 0.5% Infrared 

CO 0 ... 6.3 vol. % 0.01 vol. % 0.16% Infrared 

NO 0 ... 5000 ppm 1 ppm 0.02% Electrochemistry 

NO2 0 ... 1000 ppm 1 ppm 0.1% Electrochemistry 
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Figure 3-17 Gas analyzer 

3.5 Experimental Program and Procedures  

This section describes the procedures used to perform a complete experiment; 

including measurement of cold flow field velocities using five-hole probe, 

flame temperature measurement using a thermocouple and species 

concentrations measurement using the gas analyzer. 

For the cold flow field measurements the air flow rate is adjusted using the 

pressure regulator valve then the L-shape five-hole pressure probe with DAQ 

system is used to map the combustor velocity distribution. The proper location 

has been regulated using 2-D traverse mechanism with accuracy of ± 1 mm. 

During this set of experiment, the air was not preheated and there was no fuel 

injection. Here the volume fuel flow rate was compensated by using an 

additional amount of air to keep the same volume flow rate of the premixed 

reactant used through the current study (where equivalence ratio is kept 

constant).  

For system operation during the combustion measurements (both temperature 

and species measurements) the following procedure is followed:  

1. Adjust the air flow rate using the pressure regulator valve. 
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2. set heaters supply voltage to obtain the predefined air temperature and 

enough warm-up time (one hour) to reach a thermal steady state 

condition indicated by fixed temperature measurements for preheated 

air and along the combustor wall.  

3. Allow fuel injection when the air heaters outlet temperature reaches 

150 ⁰C the fuel flow rate is adjusted to keep the equivalence ratio at the 

specified value using the pump pressure regulator screw then the air 

fuel mixture is ignited. 

4. Start the measurements of flame temperature and species distribution 

through combustor when fixed air heaters outlet temperature of 250 ⁰C 

in conjunction with stable the combustor wall temperature is attained. 

To overcome any disturbances or interference due to existing 

thermocouple and sampling probe, temperature and species 

measurements were performed individually.  

5. The flame temperature is measured using the type R thermocouples in 

conjunction with the DAQ. While the combustor wall temperature is 

measured using the type K thermocouples in conjunction with the 

DAQ. 

6. Warm up the gas analyzer for 30 min. before the measurements and 

making sure that the sampling probe cooling water is flowing, and 

suction is provided. 

7. Place the five-hole pressure probe (for cold flow measurements), type 

R thermocouple (for temperature measurement), or sampling probe (for 

species measurements) on a 2-D traverse mechanism to attain the 

corresponding distribution of temperature and species in axial and 

radial directions throughout the combustor. There are ten horizontal 

plans with vertical distances from the burner tip of 10, 20, 30, 40, 50, 
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70, 90, 110, 130, and 150 mm. In each plane, the measurements are 

conducted at nine radial locations with relative radial distance to the 

burner radius (r/R) from the burner centerline of 0, 0.25, 0.5, 0.75, 1, 

1.25, 1.5, 2 and 2.5. The species concentrations and temperature were 

also measured at the combustor exit (Z= 500 mm). A summary of the 

measurement locations is shown in Figure 3-18. 

5 4 3 2 10

1

2

3

4

5

6

7

8

9

10

8 7 69

5 4 3 2 18 7 69

5 4 3 2 18 7 69

5 4 3 2 18 7 69

5 4 3 2 18 7 69

5 4 3 2 18 7 69

5 4 3 2 18 7 69

5 4 3 2 18 7 69

5 4 3 2 18 7 69

5 4 3 2 18 7 69

5 4 3 2 18 7 69

 

Figure 3-18 Sampling points 

3.6 Data Reduction and Analysis 

The recorded data for flow velocity, flame temperature, and species 

concentrations have been processed and analyzed to be normalized or 

corrected against specific errors.  
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For cold flow velocity measurements, a sampling rate of 10 sample/sec to 

collect 1000 readings for each measuring point are time averaged to record the 

corresponding local mean value. 

For flame temperature measurements, 1000 readings with rate of 10 sample/sec 

are used. The thermocouple readings of the flame temperature are corrected 

against radiation heat losses by performing an energy balance as expressed by 

Equation 3-2. 

h(T − Ttc) = εσ(Ttc
4 − Tsur

4 )                                             Equation 3-2 

where T, Ttc, and Tsur represent the actual temperature, the measuring 

temperature, and the surrounding temperature respectively, ε is the 

thermocouple bead emissivity, σ is the Stefan Boltzmann constant (5.67×10-8 

W/m2.K), h is the convection heat transfer coefficient of the surface of the 

thermocouple. The convection heat transfer coefficient, h, is determined by 

approximating the thermocouple bead as a sphere with a thermocouple bead 

diameter D = 0.6 mm, the combustion products are calculated by assuming a 

complete combustion process [52]. Nusselt number (Nu) is calculated from 

Equation 3-3 for forced convection heat transfer around spherical body [53]. 

Nu =
hD

k
= 2 + [0.4Re1/2 + 0.06Re2/3]Pr0.4 (

μ∞

μs
)

1/4

              Equation 3-3 

Where the Reynolds number (Re) and the Prandtl number (Pr) are calculated 

from Equation 3-4 and Equation 3-5 [53]. 

Re =  
ρVD

μ∞
                                                                 Equation 3-4 

Pr =  
μ∞Cp

k
                                                                Equation 3-5 
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The properties of the combustion products viscosity (µ∞), thermal conductivity 

(k), constant pressure specific heat (Cp), and density (𝜌) are determined at the 

adiabatic flame temperature (Tad). On the other hand, the mixture viscosity (µs) 

determined at the thermocouple temperature (Ttc) using the Wilke’s method 

[54]. 

The thermal uniformity through the combustor which can be represented by 

pattern factor (PF) is calculated for different fuels. PF is one of the parameters 

that must be considered in the gas turbine combustion [11]. The lower the value 

of the pattern factor the more the thermal uniformity. PF is calculated using 

equation 3-6: 

PF =  
Tmax−Tmean

Tmean−Tin
                                                         Equation 3-6 

The average emission index at the combustor exit is calculated for different 

species. Emission index (𝐸𝐼𝑖) is a generic way to quantify the level of 

emissions. The EI for a certain species is defined as the ratio of the mass of the 

species emitted (i) to the mass of fuel burned and can be calculated according 

to Equation 3-7 [40].  

Eim =
mi,emitted

mF,burned
                                                     Equation 3-7 

The 𝐸𝑖 is a dimensionless quantity represented in g/kg fuel to make the species 

concentration measurement independent of any dilution by air. The level of 

pollution is also expressed as g/MJ to eliminate the effect of the heating values 

of different fuels according to Equation 3-8 [40]. 

Eie =
mass of pollutant

heat of combustion
=

Eim

LHV or HHV
                                      Equation 3-8 

The flow velocity, flame temperature, CO, and NOx distribution are plot using 

Sigma Plot 12.0 software. 
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4. Chapter 4: RESULTS AND DISCUSSION 

The experimental program of the present study is introduced in the first section 

of this chapter. After that, results regarding the behavior of air flowing through 

different burners have been presented and discussed. Then the experimental 

results and discussion related to the combustion characteristics of the tested 

fuels using the LPP combustion system are presented and compared with 

similar results cited in the literature. 

 

4.1 Experimental Program 

The physicochemical properties of fuel used in the current study are illustrated 

in Table 3-2. The air preheated temperature is kept constant during the current 

experimental program at 250°C which is higher than the boiling point of Jet 

A-1 (163°C) and lower than that of the WCOME i.e. the Jet A-1 will be fully 

evaporated before entering the burner and the mixture, in this case, would be 

homogeneous and fully premixed. In the case of Jet A-1/ biodiesel blends, the 

mixture can’t be fully evaporated providing heterogeneous and partially 

premixed combustion. The whole experiments conditions are summarized in 

Table 4-1. 

 
 

Table 4-1 Test conditions of experiments 

Case 

sn. 
Burner 

Fuel 

type 

Air preheating 

Temperature 

(°C) 

Air 

flow 

rate 

(kg/hr) 

Fuel 

flow 

rate 

(kg/hr) 

Mixture 

strength, 

φ 

Measured 

parameters 

1 HSB 

- 25 25.2 - - Cold flow field  

2 LSB 
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Case 

sn. 
Burner 

Fuel 

type 

Air preheating 

Temperature 

(°C) 

Air 

flow 

rate 

(kg/hr) 

Fuel 

flow 

rate 

(kg/hr) 

Mixture 

strength, 

φ 

Measured 

parameters 

3 HSB 

B0 

250 23.98 

1.234 

0.75 

- Temperature 

-Species 

concentration 

4 LSB 

5 

HSB 

B5 1.244 

6 B10 1.260 

7 B15 1.268 

8 B20 1.279 

        

4.2 Effect of Burner Configuration on the Cold Flow Pattern 

The flow patterns are evaluated using the cold-flow measurements to 

understand the air flow behavior within the combustion chamber for both HSB 

and LSB. The mean upstream velocity of the air exit from the LSB is 

determined to be 3.75 m/s where no fuel was injected into the air stream; in 

this part of the study, the amount of pre-vaporized fuel is substituted with 

additional equivalent volume amount of air. Figure 4-1 shows the measured 

axial velocity profiles at different axial locations through the combustor for 

both HSB and LSB versus the radius relative to that of the burner. In the early 

stage of the combustor, the axial velocity of LSB has its maximum value at the 

burner centerline and decreases towards the wall. With directing towards the 

combustor exit away burner tip, the axial velocity declines linearly and 

becomes more uniform through the radial plane at vertical level Z = 70 mm. 

This behavior may be owing to the fact that, there is a part of air flow injected 

through axial hole admitting part from the swirling air into the core of 

combustor and so the region where flow can be recirculated is removed or not 

dominant. The LSB has no central recirculation zone as confirmed with 
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findings that achieved by [17,55]. On the other hand, the dominant feature of 

HSB is a large central recirculation zone downstream of the center body due 

to the low-pressure region in the core of the burner and the adverse pressure 

gradients in the radial and axial directions. Moving away from the burner tip, 

the flow becomes more uniform and the flow is almost uniform beyond level 

Z= 50 mm where the circulation zone is ended. Figure 4-2 shows the 

normalized axial velocity contours for both burners, where the recirculation 

zone is clearly observed for HSB. 
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Figure 4-1 Measured axial velocity profiles 
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(b) 

Figure 4-2 Contours of the normalized axial velocity; (a) HSB and (b) LSB 
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Figure 4-3 shows the radial velocity at different axial locations through the 

combustor. The radial velocity distribution reflects the flow homogeneity at 

each level through the combustor. The radial velocity profile of the HSB shows 

a higher peak than that of the LSB. It can be noticed that complete uniform 

flow is attained at Z=40 mm for LSB while for the HSB it is achieved beyond 

Z= 50 mm. Levels where the recirculation region are exists have non-uniform 

velocity. Figure 4-4 shows the normalized radial velocity contours which 

reflect the lift-off region for LSB and the recirculation zone for HSB. Figure 

4-5 shows the total pressure through the combustor for both burners. It can be 

noted that a low-pressure region is found in the core of the combustor 

downstream of the HSB and adverse pressure gradients in the radial and axial 

directions which generate a central recirculation zone downstream of the center 

body.  
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Figure 4-3 Measured radial velocity profiles 
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(b) 

Figure 4-4 Contours of the normalized radial velocity; (a) HSB and (b) LSB 
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(b) 

Figure 4-5 Contours of the total pressure (Pa); (a) HSB and (b) LSB 
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4.3 Effect of Burner Configuration on the Combustion and 

Emissions Characteristics 

The current section represents the combustion characteristics of burning lean 

premixed mixture of Jet-A1 with air with equivalence ratio of 0.75. These 

characteristics can be expressed by measuring the exit temperature and the 

exhaust emissions when two different designed burners having the same swirl 

number are used as shown in Figure 4-6-Figure 4-8. It can be observed that the 

mean temperature when HSB is used is higher than that attained when LSB is 

used. This can be owing to the reduced heat losses from shorter reaction region 

as resulted from the intensified reactions in the central recirculation zone. The 

corresponding temperature pattern factor which gives a relative measure of the 

thermal uniformity of exhaust flow for HSB and LSB are 0.05 and 0.03, 

respectively. Generally speaking as the flame is lean, the mean values are 

comparable with slight differences between two burners due to different heat 

losses along the combustor. Regarding levels of emissions at combustor exit 

shown in Figure 4-7, it can be noticed that the CO concentrations at the 

combustor exit plane are more uniform for LSB than for HSB. The mean value 

of CO at combustor exit is approximately 3 ppm as a result of lean mixture 

combustion. Figure 4-8 provides the corresponding exhaust NOx emissions. It 

can be observed that NOx emission distribution for both burners is almost 

identical with the mean value of 50 ppm, even fluctuations for HSB are slightly 

higher than those for LSB, but the mean value is slightly lower than that for 

LSB. 
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Figure 4-6 Measured radial temperature profile at combustor exit 
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Figure 4-7 Measured radial CO profile at combustor exit 
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Figure 4-8 Measured radial NOx profile at combustor exit 

Figure 4-9 shows the direct visual images of Jet A-1 LPP swirled flame using 

both HSB and LSB. As the combustion is lean premixed, both flames appear 

in blue color, however, due to the region of intensified reaction for HSB in the 
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recirculation zone, the produced flame has an attached brighter-blue cone-

shaped flame stabilized at the burner exit providing a slender flame with a 

high-temperature zone near the edge of the burner bluff-body. Whereas, the 

LSB has a lifted lighter-blue (W) type flame which provides much uniform 

thermal regime in the flame core. These results have a good agreement with 

those cited in the literature [56].  

 

Figure 4-9 Jet A-1 flame image; HSB (Left) and LSB (Right) 
 

Figure 4-10 shows the radial flame temperature distribution at different axial 

locations for both HSB and LSB. For LSB at Z = 10 mm, the flame temperature 

in the central area around the burner axis is relatively low and increased to 

1525 K at r/R = 1.5 due to the existing of lifted flame shape. It should also be 

noted that, the temperature increases rapidly as Z exceeds 10 mm, and reaches 

the maximum value in the region of 30 < Z < 50 mm. Afterward, the 

temperature decreases slowly until the temperature recalls the uniform profile 

beyond Z = 130 mm. For HSB the highest temperature region (from Z= 10 mm 

to Z= 70 mm) occurs in the shear layer where a portion of the hot combustion 

products is entrained and recirculated to mix with the incoming air-fuel 
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premixed mixture. Away from the center body edge to the center, the 

recirculated hot products keep high temperature. On the other side from the 

center body edge towards the combustor wall, the temperature falls down 

gradually (as shown in Figure 4-10) in particular at the lower zone of the 

combustor. Furthermore, with increasing the vertical distance away from the 

core of the central recirculation zone (beyond Z = 90 mm), the flow fluctuation 

is decayed and the flow becomes more homogeneous, the temperature 

variation with the radial distance is decreased. Figure 4-11 shows a comparison 

of the temperature contours. Where zone of high temperature is formed at the 

burner central axis for LSB, while annulus zone of high temperature around 

the burner axis is formed for HSB as a result of the existed recirculation zone. 
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Figure 4-10 Flame temperature radial distribution  

 



61 

 

 

r/R

2.50 2.00 1.50 1.25 1.00 0.75 0.50 0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 2.00 2.50

V
e
rt

ic
a

l 
D

is
c
ta

n
c
e
  

(m
m

)

10

20

30

40

50

70

90

110

900

900

900

700

700

700

1300

1300

1300

1100

1100

1100

1500

1500

1500

15001500

1500

1700

1700

1700
1700

1700

1900

1900

1900

1900

1900

2300

2100

2100

2100

1100

2300
2300

2100

2100

1900
2100

2100

2100

23002300

2100

2100

1900

1900

1700

1700

1700

1500

1500

1300

2300

1300

1300

1300

1100

1100

1100
900

900

900

1100

700

700

700

 
(a) 

r/R

2.50 2.00 1.50 1.25 1.00 0.75 0.50 0.25 0.00 0.25 0.50 0.75 1.00 1.25 1.50 2.00 2.50

V
e
rt

ic
a

l 
D

is
c
ta

n
c
e
  

(m
m

)

10

20

30

40

50

70

90

110

700

1300

1300

1300 1300

1300

1300

1100

1100

1100

900

900

1300

2100

2100

2100

2100

2100

2100
2100

1900

1900
1900

1900

1900

19001900

1900

1700

1700

1700

1700

1700

1700
1700

1700

1700

1500

1500

1500

1500

1500

1500

2300

2300

2300

2300

2300

2300

2300

1500

1500

1500
1300 1300
1100 1100

1100

1100

1100

2100

1500

1500

1300

900

900

700

(b) 

Figure 4-11 Contours of the flame temperature (K); (a) HSB and (b) LSB 
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The emissions of LPP swirled combustion is mainly a function of the local 

flame temperature, turbulence intensity and residence time of flue gas in the 

high-temperature zone [11]. Figure 4-12 shows that the, CO concentration 

produced from the Jet A-1 combustion increases rapidly within the range of 20  

< Z < 50 mm, where the local temperature is high and the dissociation reactions 

of CO2 to form CO would be significant. The CO concentration decreases with 

increasing the vertical distance where the mixture homogeneity is improved 

and the local temperature is reduced; as observed from contours in Figure 4-13. 

It is also noted that the CO concentrations for LSB decreases as the radial 

distance from the burner centerline is increased until it reaches the minimum 

value for the radial plane at the farthest point from the burner centerline. The 

CO concentration of the HSB has its peak value at the burner edge where the 

highest flame temperature exists and decreases in the flame core due to the 

recirculation motion which decreases the flame temperature as moving away 

from the burner edge to the combustor wall. Overall, the CO values at the 

combustor exit plane are small (< 6 ppm), compared to CO values of > 23000 

ppm within the flame front.  
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Figure 4-12 In flame CO concentrations radial distribution 
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Figure 4-13 Contours of the CO concentrations (ppm); (a) HSB and (b) LSB 
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The NOx emissions formed from the premixed combustion is mainly the 

thermal NOx. Thermal NOx mechanism is an endothermic reaction resulting in 

the creation of NO at high temperatures of about 1850 K [11]. Thermal NOx 

formation depends on several factors, such as the local flame temperature, 

turbulence intensity, residence time of flue gas in the high-temperature zone, 

and the local equivalence ratio [11]. Figure 4-14 and Figure 4-15 shows a 

gradual increase in NOx concentration with increasing the vertical distance 

towards the combustor exit using LSB until specific level where maximum 

temperature occurs. The maximum value of the NOx concentration appears at 

Z= 70 mm in the combustor center. Then the NOx concentration distribution 

become more uniform with increasing the vertical distance. Similar behavior 

is received for HSB, where the maximum value of the NOx concentration 

appears at Z= 70 mm and r/R = 1. However, NOx concentration of the HSB is 

higher than that of the LSB because the HSB has a greater residence time 

within the recirculation zone which provides more time for NOx formation in 

addition to the higher temperature in the intensive reaction zone. Near the 

combustor wall, the NOx concentration values for HSB are lower than those 

for LSB because of the heat loss through the combustor wall which produces 

a cooling effect. These results agreed with those stated in the literature by [20]. 
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Figure 4-14 In flame NOx concentrations radial distribution 
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Figure 4-15 Contours of the NOx concentrations; (a) HSB and (b) LSB 



68 

 

 

4.4 Effect of Jet A-1/Biodiesel Blends on the Combustion and 

Emissions Characteristics of HSB 

In this section, results about the flame behavior of blended fuels burned in LPP 

combustion using HSB has been presented. biofuel combustion. The corrected 

flame temperature distributions at selected vertical planes of blended fuels 

using different blending ratios for the investigated fuels are shown in Figure 

4-16. It is important to notice that, the degree of mixture heterogeneity and so 

the possibility to get purely premixed or partially premixed combustion of 

blended fuels depends mainly on the higher boiling point of the biodiesel [57].  

In the case of B5 and B10, the flame temperature is slightly higher than that of 

B0 due to the mixture heterogeneity and combustion of the WCOME as a 

droplet (partially premixed combustion mode). The biodiesel blending ratio in 

case of B5 and B10 is small and the mixture viscosity is near the viscosity of 

B0 which form a small droplets size which in turn evaporated and burned faster 

than that droplets exist in case of B15 and B20. An additional reason to get 

higher temperature may be owing to the fact that, the oxygen contents in 

WCOME accelerates the fuel oxidation with a slight reduction in the blended 

fuel heating value and so rapid release of energy providing a higher local 

temperature in the reaction zone. At the higher levels where the biodiesel 

droplets fade away and the mixture becomes more homogeneous the flame 

temperature of B10 becomes closer to that of B0. 

Ban-Weiss et al. [58] showed that unsaturated molecules exhibit higher 

adiabatic flame temperature than their saturated counterparts. This has been 

used to hypothesize that biodiesel gives higher flame temperature than 

conventional fuels, due to the higher concentration of unsaturated compounds 

in biodiesel.  
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The slight reduction in the flame temperature of B20 is mainly due to the effect 

of the lower heating value of B20 that competes the effect of the higher oxygen 

contents accelerating the fuel oxidation. The overall results represent that a 

higher level of similarity between the flame temperature of B0, B5, B10, B15, 

and B20. 
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Figure 4-16 In flame temperature radial distribution  
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The basic factors influencing the formation of emissions (CO and NOx) in the 

swirl stabilized LPP combustion are the combustor inlet temperature, the local 

flame temperature, the combustion pressure, the equivalence ratio, the 

turbulence intensity, and the residence time of flue gas in the high-temperature 

zone [11]. With mixing WCOME with Jet A-1 fuel, the blending ratio will be 

another important factor reflecting the opposing influence of the lower heating 

value and the oxygen contents of biodiesel. To conduct the effect of blending 

ratio on the species concentration all other regulated factors are kept constant 

through the experiments except fuel type; as preheat temperature, and 

equivalence ratio. Figure 4-17 shows the CO concentrations at selected axial 

locations throughout the combustor for the investigated fuels.  

In the core of Jet A-1 flame where the temperature is relatively low, the CO 

concentration is decreased as a result of the reduced dissociations of CO2 into 

CO at this temperature as reported by [59]. Near the edge of the burner center 

body, the maximum CO concentrations are achieved as reported by [47] where 

the dissociation rate of CO2 is high at a high flame temperature (especially 

when the temperature exceeds 1900 K). Near the combustor wall, the CO 

concentration is decreased again to be lower than that in the flame core. As the 

vertical distance is increased, the mixture becomes more homogeneous and the 

CO concentration decreases to reach the minimum value at the combustor exit. 

By the comparison, the CO concentration of all the tested fuels has a 

comparable value with that of Jet A-1 at the lower levels in the combustor (Z= 

10 mm) and it is started to increase at high vertical distance reaching its 

maximum deviation at Z= 30 mm. The peak of CO concentration for Jet A-1 

is approximately twice that for B20 and this gap was getting smaller with 

increasing the vertical distance. This reduction of CO concentration for B20 is 

mainly due to the oxygen content in biodiesel which promotes fuel oxidation 
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and so complete combustion [60].  
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Figure 4-17 In flame CO concentrations radial distribution 
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The NOx concentrations of the LPP swirl stabilized combustion at selected 

axial locations throughout the combustor including Jet A-1 fuel and its blends 

are shown in Figure 4-18. The NOx concentrations of Jet A-1 increase with 

increasing the vertical distance towards the combustor exit. The maximum 

NOx concentration appears after getting the maximum temperature at Z = 50 

mm then NOx concentrations are decreased rapidly with increasing the vertical 

distance towards the combustor exit as a result of temperature decrease. The 

NOx concentrations for biodiesel blends are remarkably lower than those for 

Jet A-1 even there is a slight temperature difference as confirmed by [47]. The 

reduction of NOx emitted from biodiesel blends combustion can be related to 

biodiesel properties as biodiesel is comprised of shorter hydrocarbon chains 

result in a lower flame temperature and thus decrease the thermal NOx 

formation [60]. Also, the high oxygen content existed in the WCOME 

enhances the combustion process also increase the formation of some active 

radicals such as OH [11]. This plays a significant role in Zeldovich mechanism 

of thermal NOx formation and may be one of the major reasons for this 

different NOx concentration behavior. The accurate reason for NOx reduction 

of biodiesel is not yet clear as there is no complete chemical reaction 

mechanism for biodiesel combustion available till now [58]. 
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Figure 4-18 In flame NOx concentrations radial distribution  
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4.5 Effect of Jet A-1/Biodiesel Blends on the Combustor 

Thermal Uniformity  

The thermal uniformity through the combustor represented by pattern factor 

(PF) is one of the major parameters that shall be considered in gas turbine 

combustion [11]. Lower values of the PF reflect a more thermal uniformity and 

excessively high values can be indicative of dangers to turbine components 

due to localized hot spots. As shown in Figure 4-19 for Jet A-1 the PF decreases 

with increasing the vertical distance and so thermal uniformity of the 

combustor is increased. For the B20 the PF value decreases with increasing the 

vertical distance. This different behavior is due to the WCOME droplets 

combustion existed at the lower zone in the combustor. At the higher zone in 

the combustor (Z>150 mm) the PF of the B20 is lower than that of the Jet A-

1. B5, B10, and B15 enhanced the thermal uniformity of the combustor, 

especially at lower levels. 
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Figure 4-19 Combustor pattern factor for tested fuels 
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4.6 Environmental Impact of The Waste Cooking Oil Biodiesel 

The NO emission index (EINOx) and CO emission indices (EICO) obtained from 

the combustion of the tested fuels are shown in Figure 4-20 and Figure 4-21. 

The results demonstrated that Jet A-1 produces the highest NOx emission 

index, followed by B10, B15, 20 and B5, resulting in a 31% reduction for B10, 

34% reduction for B15, 41% reduction for B20 and a 45% reduction for B5. 

B10 produces the highest CO emission index due to the increase in the local 

flame temperature while B20 produces the lowest CO emission index due to the 

high oxygen content of biodiesel and produces 30% lower CO than Jet A-1. The 

CO emission index for B5 and B10 are higher than those of Jet A-1 due to the 

increase in the local flame temperature. 

 

B0 B5 B10 B15 B20

E
I 

N
O

 (
g
/k

g
 f

u
e
l)

0.0

0.5

1.0

1.5

2.0

E
I 

N
O

 (
g
/M

J
)

0.00

0.01

0.02

0.03

0.04

0.05

EI NO (g/kg fuel)

EI NO (g/MJ)

 

Figure 4-20 Emission index of nitrogen oxides 
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Figure 4-21 Emission index of carbon monoxide 
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5. Chapter 5: CONCLUSIONS  

The current study aimed to investigate the flame characteristics of biodiesel / 

Jet A-1 blends burned in Lean Pre-vaporized Premixed (LPP) combustor. To 

stabilize these flames, different burner designs having the same swirl numbers 

were constructed. The biodiesel was produced from waste cooking oil with the 

help of ultrasonic. The experiments include cold flow as well as flame 

measurements through LPP combustor. In the later, set of experiments were 

performed at constant conditions of preheated temperature and equivalence 

ratio, while regulating the blending ratio as well as the burner type. Initially, 

Jet A-1 flame structures were determined using two different burners (high 

swirl and low swirl burners abbreviated as HSB and LSB; respectively), then 

HSB was used to investigate the effect of blending ratio of biodiesel on flame 

structure of blended fuels (containing 5, 10, 15, and 20% biodiesel mixed with 

Jet A-1 as base fuel). The main conclusion from this work is that the lean 

combustion of premixed mixtures from air with blended fuels not only can 

improve the emission parameters but also can improve the thermal 

characteristics of combustor up to a blending ratio of 20%. From the whole 

results related to biodiesel production, cold flow, and combustion 

characteristics, the following specific conclusions can be drawn: 

1. Use of ultrasonic in biodiesel production remarkably reduces the 

production period from almost 1.5 hr. to 0.25 hr. 

2. The flow field of the LSB is free of a central recirculation zone while 

HSB has a large central recirculation region.;  

3. The HSB can generate an attached blue cone-shaped flame while the LSB 

can generate a blue lift-off “W” type flame.  
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4. The HSB flame temperature distribution shows a high-temperature zone 

on the burner edge which represent a hot spot region. While the LSB 

shows a more uniform flame temperature distribution.  

5. The CO and NOx concentrations of the HSB through the flame are 

approximately 50 % higher than LSB due to the recirculation and long 

residence time of combustion product in hot reaction zone.  

6. The CO and NOx concentrations at the combustor exit plane are 

comparable. 

7. The local flame temperature distribution of blended fuels was 

comparable to that of Jet A-1, except for B20 it was slightly lower than 

that of Jet A-1.  

8. There was a remarkable reduction of the exhaust emissions due to 

biodiesel blending, the maximum reduction in CO was received for B20 

(30%) and the maximum reduction for NOx was received at B5 (45%). 

9. The CO emission index for B5 and B10 at the combustor exit were 

increased by 54% and 59% respectively compared to pure Jet A-1 fuel 

due to the increase in the local flame temperature. 

10. The NOx emission index of B20 at the combustor exit was decreased 

significantly by 41% compared to pure Jet A-1 fuel.  

11. The Jet A-1 fuel can be replaced by B20 without any modifications in the 

combustor design as they have similar temperature distribution and 

significant emission reduction. 
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Appendix A  THERMOCOUPLES CALIBRATION 

The combustor wall temperature is measured using 12 thermocouples type K 

in conjunction with the data acquisition system described in Appendix B. A 

standard mercury thermometer of range (0-110 °C) with an accuracy of 1 °C 

is used to calibrate these thermocouples. The calibration process is conducted 

using oil heated in glass beaker by means of an electrical heater. During the 

calibration process, a one thousand reading is acquired by the data acquisition 

system and the average value of them is calculated and considered as the 

thermocouple reading.  

Table A- 1 Wall thermocouple coordination and calibration equation 

Points Point coordination Calibration equation 

R (mm) Z (mm) 

1-  75 30 Tac (°C) = 0.9668×DAQ + 2.5653 

2-  75 50 Tac (°C) = 0.9927×DAQ + 1.6281 

3-  75 70 Tac (°C) = 0.9546×DAQ + 3.4347 

4-  75 110 Tac (°C) = 0.9511×DAQ + 2.9273 

5-  75 150 Tac (°C) = 0.9975×DAQ + 1.4716 

6-  75 190 Tac (°C) = 0.9821×DAQ + 1.9575 

7-  75 230 Tac (°C) = 0.9606×DAQ + 2.8461 

8-  75 270 Tac (°C) = 0.9687×DAQ + 2.4875 

9-  75 310 Tac (°C) = 0.9768×DAQ + 2.2395 

10-  75 350 Tac (°C) = 0.9573×DAQ + 2.6487 

11-  75 410 Tac (°C) = 0.98×DAQ + 2.4056 

12-  75 470 Tac (°C) = 0.9799×DAQ + 2.1506 
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Appendix B  DATA ACQUISITION SYSTEM 

Data acquisition is the process of sampling signals that measure real world physical 

conditions and converting the resulting samples into digital numeric values that can 

be manipulated by a computer. Data acquisition systems (abbreviated with the 

acronym DAQ) typically convert analog waveforms into digital values for processing. 

The components of data acquisition systems include: 

1. Sensors that convert physical parameters to electrical signals. 

2. Signal conditioning circuitry to convert sensor signals into a form that can be 

converted to digital values. 

3. Analog-to-digital converters, which convert conditioned sensor signals to 

digital values. 

Simply the DAQ system used in this study is consists of the following items: 

4. The NI cDAQ-9178 (eight slots) USB chassis shown in Figure B- 1. The NI 

cDAQ-9178 chassis can measure a broad range of analog and digital I/O 

signals and sensors using a Hi-Speed USB 2.0 interface. 

5. NI 9213 16-Channel Thermocouple Input Module shown in Figure B- 3. The 

NI 9213 has a 36-terminal detachable spring-terminal connector that provides 

connections for 16 thermocouple channels. The terminal assignments are 

shown in Figure B- 3. 
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Figure B- 1 NI cDAQ-9178 Chassis 
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Figure B- 2 NI 9213 16-Channel 

Thermocouple Input Module

 

 
Figure B- 3 NI 9213 Terminal 

Assignment 
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The following table includes the technical specifications of the DAQ used. 

Component Specifications 

N
I 

cD
A

Q
-9

1
7

8
 

A
n

al
o

g
 I

n
p

u
t 

Input FIFO size 127 samples per slot 

Maximum sample rate 6.4 MS/s 

Timing accuracy 50 ppm of sample rate 

Timing resolution 12.5 ns 

N
I 

9
2

1
3
 

In
p

u
t 

C
h

ar
ac

te
ri

st
ic

s 

Number of channels 1. 16 thermocouple channels 

2. 1 internal auto zero channel, 

3. 1 internal cold-junction 

4. compensation channel 

ADC resolution 24 bits 

Type of ADC Delta-Sigma 

Sampling mode Scanned 

Voltage measurement range ±78.125 mV 

Temperature measurement 

ranges 

Works over temperature ranges 

defined by NIST (J, K, T, E, N, B, R, 

S thermocouple types) 

Timing Mode 1. High-resolution 

2. High-speed 

Sample Rate 

(All Channels) 

1. 1 S/s 

2. 75 S/s 

Differential input 

impedance 

78 MΩ 

Input current 50 nA 

Gain error at High-

resolution mode 

0.03% typ at 25 °C, 

0.07% typ at –40 to 70 °C, 

0.15% max at –40 to 70 °C 

Gain error at High-speed 

mode 

0.04% typ at 25 °C, 

0.08% typ at –40 to 70 °C, 

0.16% max at –40 to 70 °C 
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Component Specifications 

Offset error 1. High-resolution mode is 4 μV typ, 

6 μV max 

2. High-speed mode is 14 μV typ, 17 

μV max 

Cold-junction 

compensation accuracy 

1. 0 to 70 °C ……….0.8 °C typ, 1.7 

°C max 

2. –40 to 70 °C .........1.1 °C typ, 2.1 

°C max 

Measurement sensitivity at 

High-resolution mode 

1. Types J, K, T, E, N...<0.02 °C 

2. Types B, R, S ..........<0.15 °C 

Measurement sensitivity at 

the High-speed mode 

1. Types J, K, T, E .......<0.25 °C 

2. Type N.....................<0.35 °C 

3. Type B......................<1.2 °C 

4. Types R, S ................<2.8 °C 

 

Furthermore, the data acquisition applications are controlled by software 

programs. Specialized DAQ software may be delivered with the DAQ 

hardware. Software tools used for building large-scale data acquisition systems 

include EPICS, LabVIEW and MATLAB. One of the friendliest software 

innovated by NI is the LabView Signal Express software which is used in the 

present study. Signal Express optimizes virtual instrumentation for design 

engineers by offering instant interactive measurements that require no 

programming. Signal Express can be used interactively to acquire, generate, 

analyze, compare, import, and save signals. Moreover, it can compare design 

data with measurement data in one step. Signal Express extends the ease of use 

and performance of virtual instrumentation to those who must acquire or 

analyze signals without programming applications 
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Appendix C  CATALOGUES  OF 

INSTRUMENTATIONS  

Appendix A includes the catalogues and manuals of the used equipment and 

instrumentations. 

1. Inline air flow heater 
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2. Air flow meter 
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3. Fuel injector 
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وقد تمت مقارنة خواص اللهب الناتج من تلك المخاليط مع خواص للحارقين.  راقتحالاعند مخرج غرفة 

وأظهرت النتائج أن توزيع درجة حرارة اللهب الموضعية اللهب الناتج من حرق وقود الطائرات منفردا 

لمخاليط الوقود الحيوي مع وقود الطائرات لا تختلف كثيرا عن توزيع درجة الحرارة اللهب الناتج من 

ويمكن استنتاج أن إضافة الوقود الحيوي إلى وقود الطائرات له تأثير كبير على  لوقود الطائرات.ا

مسبق التبخر والخلط حيث انخفضت انبعاثات أول أكسيد الكربون  لاحتراقخصائص الانبعاثات 

ة ، مقارنرتيب٪ على الت58٪ و70وأكاسيد النتروجين عند مخرج غرفة الاحتراق بشكل ملحوظ بنسبة 

انبعاثات حرق وقود الطائرات. لذلك يمكن استبدال وقود الطائرات بمزيج الوقود الحيوي مع وقود بقيم 

الطائرات دون عمل أي تعديلات في تصميم غرفة الاحتراق نظرا لأن له نفس توزيع درجات الحرارة 

 وتحسين كبير للانبعاثات.
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 المـلـخـــــص

حريق المختلفة والبحث عن مصادر بديلة للطاقة تعد من نظمة الالناتجة من أ الانبعاثاتأن الحد من 

الوقود الحيوي الناتج  استخدامأهم التحديات العلمية على مستوى العالم أجمع. وفي نفس الوقت فإن 

من زيوت الطعام المهدرة يعد أحد أفضل الحلول لهذه التحديات. تستخدم عملية هدرجة الزيوت 

بواسطة جهاز الخلط بالموجات فوق الصوتية من الزيت الخام وذلك  النباتية في أنتاج الوقود البديل

 .لتقليل زمن عملية الانتاج

قسم إلى مجموعتين مختلفتين من التجارب. في المجموعة الاولي في ذلك السياق فإن هذه الدراسة تن 

 نبعاثاتالامن التجارب تقارن الدراسة ظروف التدفق البارد )الهواء(، هيكل اللهب، الاحتراق، و

 SNمتطابق ) رقم تدويموقود الطائرات عن طريق استخدام حارقين دوامات لهم  الناتجة من حرق

في حين أن الثاني هو حارق  تدويملتصميم الأول حارق عالي الا. ( وتصميمين مختلفين0.55 =

 تحددمع لوحة مركزية مثقبة تسمح بتدفق محوري من خلال مركز الموقد.  تدويممنخفض ال

حرق خليط من وقود الديزل الحيوي مع وقود الطائرات في  تأثيرالمجموعة الثانية من التجارب 

للهب وانبعاثات العادم. يتم خلط وقود الديزل الحيوي خصائص ا علىتوربينة غازية  احتراقغرفة 

 B20و B5، B10 ،B15 ب٪ ويرمز لها  20و 15، 10، 5سب حجمية مع وقود الطائرات بن

حتراق المضطرب مسبق الخلط التوالي. لجميع الحالات التي تم اختبارها تستخدم تقنية الا على

الهواء الداخل إلى غرفة الاحتراق عند درجة والتبخر مع الحفاظ على درجة حرارة خليط الوقود / 

 .φ = 0.75تكافؤ  درجة مئوية مع نسبة 250حرارة 

وتشير النتائج الرئيسية إلى أن مجال السريان للحارق منخفض الدوامات خال من منطقة إعادة 

يكون منطقة أعادة تدوير مركزية كبيرة.  تدويمالالتدوير المركزية في حين أن الحارق عالي 

شكل  علىتوليد لهب أزرق  تدويمالحارقين لهم كفاءة احتراق متماثلة ويمكن للحارق عالي ال

". يظهر Wشكل حرف " علىمخروط في حين أن الحارق منخفض الدوامات يولد لهب أزرق 

منطقه درجة حرارة عالية علي حافة الموقد والتي  الدواماتتوزيع درجة حرارة لهب الحارق عالي 

زيع درجة حرارة يظهر تو الدواماتج من الحارق منخفض تة في حين أن اللهب الناتمثل بقعة ساخن

خلال  تدويمالنسبة انبعاثات أول أكسيد الكربون وأكاسيد النتروجين للحارق منخفض أكثر تماثل. 

 نها متقاربة أفي حين  تدويمالاللهب الناتج من الحارق عالي بالمقارنة ب% 50اللهب أقل بنسبة 
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 عنوانة بتحكيم الرسالة تحت ناللج قامت

للوقود الحيوي سابق الخلط  اللهب المستقر دراسة
 والتبخير

 المهندس المقدمة من

 بلال يحيي ابراهيم السعيد بلال

 2014، طاقة شعبة الميكانيكية، الهندسةالهندسة والتكنولوجيا في  بكالوريوس

 الماجستير درجة على الحصول متطلبات من كجزء

 الميكانيكية في الهندسةوم الهندسية العل في

 لجنة الحكم والمناقشة من وأجيزت عتمدتأ

  )رئيساً(                                     محمود عبد الرشيد نصير /.د.أ

 الميكانيكية الهندسة قسممتفرغ ب أستاذ

 عين شمس جامعة -كلية الهندسة 
__________________________________________________________________________________________________________ 

 (عضواً )                                       حابك السعيد محمد الدين سعد/ .د.أ
   الميكانيكية الهندسة قسممتفرغ ب أستاذ

 بورسعيد جامعة -كلية الهندسة 
__________________________________________________________________________________________________________ 

 (عضواً )      هاني أحمد منيب /.د.أ

 الميكانيكيةالقوى  هندسة قسممتفرغ ب أستاذ

 حلوان جامعة-كلية الهندسة بالمطرية
__________________________________________________________________________________________________________ 

 (عضواً )     هشام محمد على البطش /.د.أ

 الأستاذ بقسم الهندسة الميكانيكية

 بنها جامعة-كلية الهندسة ببنها
__________________________________________________________________________________________________________ 

 كانيكيةاعتمدت من قسم الهندسة المي

 )رئيس القسم(                 البيطار عبد الفتاحأحمد / .د.م.أ
 

 اعتمدت من الدراسات العليا

 )وكيل الكلية للدراسات العليا(                 البطشهشام محمد على / .د.أ
 

 اعتمدت من الكلية

  )عميد الكلية(                محمد أحمد سليمان عارف / .د.أ
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 اهنبجامعة 

 كلية الهندسة ببنها

 قسم الهندسة الميكانيكية

للوقود الحيوي سابق  اللهب المستقر دراسة
 الخلط والتبخير

 العلوم الهندسية في الهندسة فيللحصول على درجة الماجستير رسالة مقدمة 

 الميكانيكية

 إعداد

 بلال يحيي ابراهيم السعيد بلال

 2014، طاقةال شعبة ،ميكانيكيةال الهندسة في تكنولوجياالهندسة وال بكالوريوس

 المشرفون

 البطشأ.د/ هشام محمد 

 بقسم الهندسة الميكانيكية نظم الطاقة أستاذ

 كلية هندسة بنها

 جامعة بنها

 أ.د/ هاني أحمد منيب

 أستاذ متفرغ بقسم هندسة القوى الميكانيكية

 كلية الهندسة بالمطرية

 جامعة حلوان

 د/ على محمود عطيةأ.م.

 بقسم الهندسة الميكانيكية ساعدأستاذ م

 كلية هندسة بنها

 بنهاجامعة 
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