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Thesis Title : Investigation of impact of swirl on characteristics of combustion and 

emission of premixed oxy-methane flames in swirl-stabilized model 

gas turbine combustors. 
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Date of Degree : December 2022 

 

Despite the invention of new technology of renewable energy, fossil fuel usages continue 

to rise because of large energy demand. Because of the stricter rules to save the 

environment, gas turbine manufacturers are to develop new technology so that low NOx 

and CO2 emission is enforced. To reduce emissions and increase combustion efficiencies 

when using fossil fuels, the development of sustainable cleaner energy production will be 

implemented. As a result, the focus of this thesis work is on oxy-combustion methods with 

various burner designs for power generation in gas turbines with CO2 capture. Under 

flexible fuel/oxidizer oxy-combustion settings, combustion, and flame stability 

characteristics for different combustion methods have been explored and compared 

numerically. Large Eddy Simulation (LES) work was carried out. Different challenges and 

solutions in combustion, and flame characteristics and stability technique have been 

reviewed. Flame stabilization mechanisms such as impact of swirl on flame stability is 

discussed & experimental and simulation work is done. This study looks at the stability 

and combustion characteristics of premixed oxy-methane flames in a dry low emission 

(DLE) model combustor for clean fuel/oxidizer-flexible combustion applications in gas 

turbines. The blowout and flashback limits of the oxy-methane flame are defined by 
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equivalency ratios (ϕ) ranging from 0.1 to 1.0 and oxygen fractions (OF: volumetric 

concentration of O2 in the O2/CO2 oxidizer) ranging from 25% to 70%. Flame stabilization 

mechanisms, for example impact of swirl on flame stability is studied experimentally and 

simulation work is done for swirler with angles 45° and 55°. The results showed that the 

lower the angle the wider the stable zone. Flame stability and combustion characteristics 

have been shown to be mostly determined by the adiabatic flame temperature (AFT). The 

blowout curve on the stability map similarly follows a constant AFT shape, however the 

flashback curve does not.  There is very little change for blowout with swirler angle but 

the higher the angle the lower the flashback line. The flame becomes long, and V shaped 

for 45° Swirler. As the swirl increases (55° Swirler), the shape of the flame becomes wider 

and smaller. As the equivalence ratio (ϕ) increases, the outer recirculation zone (ORZ) 

becomes stronger and the eddy in IRZ shifts further downstream this makes the flame 

shorter and compact. 

The temperature profile for different swirler and specific OF and equivalence ratio ϕ is 

determined. Experimental and simulated results of different swirl stabilized oxy-methane 

combustion are compared in this study. 
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 ملخص الرسالة 

 
 

 شهراب حسين  :الاسم الكامل
 

التحقيق في تأثير الدوامة على خصائص الاحتراق وانبعاث لهب أوكسي الميثان المخلوط مسبقا    :عنوان الرسالة
 في احتراق التوربينات الغازية النموذجية المستقرة

 
 الهندسة الميكانيكية التخصص:

 
    ١٤٤٤ جمادى الأول :تاريخ الدرجة العلمية

 

المتجددة ، تستمر استخدامات الوقود الأحفوري في الارتفاع على الرغم من اختراع تقنية جديدة للطاقة  

بسبب قواعد الحفاظ على البيئة الأكثر صرامة ، يتعين على مصنعي .  بسبب الطلب الكبير على الطاقة

أكسيد   وثاني  النيتروجين  أكاسيد  من  أقل  انبعاثات  يتم فرض  بحيث  جديدة  تقنية  تطوير  الغاز  توربينات 

لتقليل الانبعاثات وزيادة كفاءة الاحتراق عند استخدام الوقود الأحفوري ، سيتم تنفيذ تطوير إنتاج    .الكربون

نتيجة لذلك ، ينصب تركيز هذه الأطروحة على طرق الاحتراق بالأكسجين مع    .مستدام للطاقة النظيفة

في ظل إعدادات    .د الكربون تصميمات مختلفة للموقد لتوليد الطاقة في توربينات الغاز مع احتجاز ثاني أكسي

اللهب لطرق الاحتراق    /احتراق الوقود   تم استكشاف خصائص الاحتراق واستقرار  المؤكسد المرنة ، 

عدديًا ومقارنتها  كبيرة    .المختلفة  إيدي  محاكاة  تنفيذ عمل  والحلول    (.LES)تم  التحديات  مراجعة  تمت 

الاستقرار وتقنية  اللهب  وخصائص  الاحتراق  في  تأثير   .المختلفة  مثل  اللهب  تثبيت  آليات  مناقشة  تمت 

ومحاكاة تجريبي  ويتم عمل  اللهب  استقرار  على  الاستقرار    . الدوامة  في خصائص  الدراسة  هذه  تبحث 

والاحتراق لهب الأكسجين والميثان الممزوج مسبقًا في جهاز الاحتراق الجاف ذي الانبعاث المنخفض  

(DLE ) د للوقود النظيف في توربينات الغازالمؤكس /لتطبيقات الاحتراق المرن . 

  1.0إلى    0.1( التي تتراوح من  φيتم تحديد حدود الانفجار والارتجاع لللهب أوكسي ميثان بنسب التكافؤ )

آليات    ٪.70إلى    25( تتراوح من  CO 2O /2في مؤكسد    2O: التركيز الحجمي لـ  OFوكسور الأكسجين )

تأثير الدوامة على استقرار اللهب بشكل تجريبي ويتم عمل   تثبيت اللهب ، على سبيل المثال يتم دراسة 



xvii 

 

أظهرت النتائج أنه كلما انخفضت الزاوية كلما اتسعت  .  درجة  55درجة و    45المحاكاة للدوامة ذات الزوايا  

تم تحديدها في الغالب من خلال درجة  المنطقة المستقرة. لقد ثبت أن خصائص استقرار اللهب والاحتراق ي

ثابت الحرارة ) اللهب   AFTيتبع منحنى الانفجار على خريطة الاستقرار بالمثل شكل    (.AFTحرارة 

هناك تغيير طفيف للغاية في الانفجار بزاوية    الثابت ، ومع ذلك ، فإن منحنى الفلاش باك لا يفعل ذلك.

 45لـ    Vيصبح اللهب طويلًا وعلى شكل حرف    فلاش باك.دوامة ولكن كلما زادت الزاوية انخفض خط ال

مع زيادة نسبة   درجة دوامة( ، يصبح شكل اللهب أوسع وأصغر.  55درجة دوامة. مع زيادة الدوامة ) 

بشكل أكبر  IRZ( أقوى وتتحرك الدوامة في  ORZ( ، تصبح منطقة إعادة التدوير الخارجية ) ϕالتكافؤ ) 

يتم تحديد ملف تعريف درجة الحرارة لدوامة   عل اللهب أقصر ومضغوطًا.في اتجاه مجرى النهر ، مما يج

التجريبية والمحاكاة لاحتراق الأكسجين    ستتم.  φوالتكافؤ    OFمختلفة ونسبة محددة من   النتائج  مقارنة 

 والميثان المستقر في دوامة مختلفة في هذه الدراسة.
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CHAPTER 1 

INTRODUCTION 

Greenhouse-caused global warming has a significant impact on the change of climate. 

Changes in climate extreme responsible for less precipitation and drought, heat stress, in 

some places on the other hand heavy rainfall, flood, storm, land fall, erosion in other places 

leading to decrease in vegetation, rice and food production and water crisis making human 

life miserable. [1][2][3][4][5][6][7][8][9][10][11]. Combating global warming and 

sustaining economic prosperity at the same time is an imperative necessity. The 2015 Paris 

Agreement aims to reduce temperature increases below 2° C higher than pre-industrial 

levels (1861-1880) by dropping greenhouse gases, primarily CO2 [12][13]. The only 

practical way to decrease CO2 is by using non-carbon generating technologies or through 

CO2 capture and storage CCS. Yet non-carbon generation technologies or green energy 

sources except biomass account for just 4.4 percent of the use of major energy [14], while 

the use of fossil fuels was 85 percent in 2015 and the share would be 78 percent by 2035 

[15][16][17]. As a consequence, carbon capture is urgently needed, which will affect 15-

55 percent of global CO2 decrease by 2050 [18]. Among the technologies of CO2 capture, 

premixed combustion of oxy-fuel is very encouraging which is a combustion with pure O2 

subsequent in flue gas there are CO2 and H2O only. H2O can be condensed to remove easily 

leaving CO2. Some CO2 is recirculated to control temperature of flame so that turbine blade 

or combustor material is not damaged [14].  
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1.1 Global climate control initiatives and the critical need to perform 

carbon capture. 

Fighting global warming and maintaining economic development at the same time are 

desperately needed. In the Paris Agreement, the parties to the United Nations Framework 

Convention on Climate Change (UNFCCC) set a long-term temperature objective for 

climate security for 2015. This agreement aims to restrict mean temperature of globe rises 

to below 2 ° C above pre-industrial stages (1861-1880).[12]. The ambient concentration of 

carbon dioxide, which is the most important greenhouse gas, has risen from 280 ppm in 

the pre-industrial era to over 370 ppm today, and is projected to grow above 500 ppm by 

the conclusion of this century.[19]. Therefore, performing carbon capture is critically 

important. CCS is expected to potentially lead to 15–55 percent of global CO2 reduction 

by 2050.[18] 

 

  Figure 1 Main sources: Boiler and Gas Turbine based power generation[15]. 

Around the world, efforts are being made to improve the energy efficiency of the existing 

amine-based CO2 collection methods. There is also considerable research in developments 

including gasification, the use of hydrogen as a gas turbine fuel, oxygen-enriched 

combustion, recycling of flue gas and removing CO2 from membranes. Any of these, or a 

combination of them with improved heat integration with CO2 sources, may eventually 

result in a 10–20 percent decrease in CO2 capture operating costs.[15] There are three 
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primary types of methods of CO2 capture: pre-combustion, post-combustion, and  oxy-fuel 

combustion. Amongst these technologies to capture CO2 in gas turbine applications, oxy-

fuel combustion is very promising. Boiler and Gas Turbine based power generation is 

illustrated in figure 1. Burning of Fuel is done with pure O2 in this technology to produce 

carbon dioxide and water as the main combustion ingredients, rendering the separating step 

of CO2 simple & economical after condensation of H2O.[20]. Oxy-fuel combustion, 

however, poses its own problems in case of combustion stabilization and combustion 

efficiency.[21] 

1.2 Oxy-fuel combustion as a solution that simplifies the carbon-capture process. 

The four main categories of carbon capture technologies are as follows. capture post-

combustion, capture pre-combustion, oxyfuel combustion, and developing technologies 

like membrane separation and chemical loop combustion, among others. In pulverized 

coal-fired conventional power plants, carbon dioxide is separated from the flue gas during 

post-combustion capture. Typically, separation is accomplished by monoethanol-amine 

(MEA) or sterically obstructed amine chemical absorption (KS-1) [22] [23].  Absorption 

of amine is a established technology in the process industry [22][24]. However, the 

demonstrated operating scale is considerably smaller than the usual volume of power plants 

and there are major disadvantages for plant performance at the existing development stage 

[25] [26] [27] [28]. 

In the pre-combustion capture the process is usually recommended for use in conjunction 

with Integrated Combined Cycle Gasification (IGCC) power plants where it is known as 

IGCC-CCS. To achieve a gas (syngas) which contains CO, CO2, and H2, coal gasification 
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is used. The water-gas change reaction converts the CO into CO2 which can then be isolated 

from the remaining gas-containing hydrogen until this is combusted in a gas turbine. As 

An Alternative, hydrogen can be isolated from the combusted CO and syngas in an 

environment of O2/CO2 [29]. Some techno-economic calculations [30] [24] indicate that 

IGCC has have high potential characteristics of improving process economics and plant 

performance. Yet, excessive investment costs are correlated with plant building, and 

typically IGCC plants are very complex [21]. In the case of combustion of oxy-fuel: the 

flue gas should consist primarily of CO2 and H2O by removing molecular N2 from the 

combustion medium. The traditionally suggested plant design includes recirculation of the 

flue gas to the burners to monitor the flaming temperature within reasonable boiler content 

thresholds. 

Compared to the above-mentioned post-combustion absorption processes, introduction of 

oxy-fuel combustion technology in current power plants fired by pulverized-coal would 

result in a greater improvement in plant design. This is largely because chemistry of 

combustion is changed by the exchange of recovered flue gas (partially CO2 and H2O) for 

N2 in the oxidizer. A number of recent techno-economic evaluation studies show that 

oxyfuel combustion will be the highly energy-efficient and cost-effective technology for 

capture of carbon. [31] [27] [32] [33]. The oxyfuel combustion technology, one of the 

potential CO2 capture technologies, offers a promising answer that is suitable for power 

production systems. This method concentrates on burning pure oxygen (O2) instead of air, 

producing flue gas that is primarily made up of CO2 and water (H2O), which can be readily 

separated through condensation, so removing some impurities and leaving only pure CO2 

for storage [14]. Once the CO2 collected for transport to the storage sites is compressed 
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and liquefied, CCS allows CO2 to be isolated from all other flue gas components. Using 

amine absorbers ("scrubbers") and cryogenic coolers, large-scale CO2 capture are 

commercially obtainable.  However, these existing capture techniques require a lot of 

energy, making them inefficient for lowering carbon emissions [34]. 

1.3 Problem Statement 

There is scarce understanding of stable combustion zones pertaining to the premixed CO2-

diluted oxy-methane flames (CH4/O2/CO2) in terms of the influence of oxygen fraction 

(OF) on flame structure and effect of swirler angle. The knowledge of stability and 

combustion characteristics of these flames will aid gas turbine designers and operators in 

prospective shift toward oxy-fuel and enhanced-O2 combustion. The present work 

endeavors to fill this gap by investigating the stability and flame macrostructures of 

methane-based flames. Therefore, this study also incorporates large eddy simulations 

(LES) for investigating the performance of CH4/O2/CO2 flames.  
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1.4 Objectives 

The literature review shows superior potential of gas turbine swirl stabilized combustor 

model. However, in the case of oxy methane combustion, the impact of using different 

swirler with different angles were not performed. So, this thesis work will experimentally 

and computationally investigate premixed oxy-methane combustion using swirler of 45° 

and 55° in a model swirl stabilized combustor of gas turbine. The specific objectives are 

given below. 

• To find the stability maps of blowout and flashback regime. 

• To perform flame visualization/imaging for different swirl numbers at specific OF 

and equivalence ratio ϕ. 

• To determine the temperature profile for different swirlers at specific OF and 

equivalence ratio ϕ. 

• To evaluate the effect of ϕ, AFT and swirl angle on the flame structure and 

combustion stability.   
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Air-fuel vs. oxy-fuel combustion: Control of combustion process 

and flame temperature 

In terms of the operability of the combustor and the nature of the flame, the principles of 

oxy-fuel and air-fuel combustion vary greatly. The equivalence ratio is the key regulating 

factor in the process of air-fuel combustion in gas turbines. This is used to regulate the 

temperature of flame and to avoid or reduce combustion instability. Mainly in premixed 

combustors, the complete equivalence ratio is often held lean to minimize emissions of 

NOx and change the exit temperature of combustor to the first stage cycle specifications 

and the turbine's metallurgical limits.  

In all gas-turbine activity modes, the composition of O2/N2 oxidizer of air remains stable. 

Recirculation of flue-gas (FGR) is voluntary and mainly tends to decrease emissions of 

NOx and reduce combustion instability. Oxy-fuel engines for combustion, nevertheless, are 

very special. The process of pure O2 production for combustion consumes a lot of energy 

that renders this O2 a scarce valuable resource as opposed to air. Therefore, oxyfuel 

combustors are usually used close to stoichiometry to save O2. In this case FGR (flue gas 

recycling) works as the key factor of the power. FGR that means part of the CO2 effluent 

recirculation is compulsory in order to dilute the main reactants to control the temperature 

of flame and adjust the exit temperature of combustor to the first stage process 
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specifications and the turbine metallurgical limits[35] [36]. Therefore, based on the FGR 

ratio, the makeup of the O2/CO2 oxidizer is changeable. Consequently, air and oxy-

combustors vary greatly in architecture and operability.[37]. The combustion of oxy-fuel  

and air-fuel is again very different from the viewpoint of combustion mechanics and the 

kinetics  of reaction, as the air-based N2 is replaced by carbon dioxide. The disparity in 

physical properties between nitrogen and carbon dioxide has a substantial influence on the 

physical properties[38][39][40] that is the transport properties, volumetric heat capacity 

and density of the reacting mixture. [41]. 

Dynamic viscosity, thermal conductivity, and mass diffusivity are included in the transport 

properties. CO2 has a density greater than N2, impacting the form of the flame, the velocity 

of the bulk and the pressure drop at the head of the combustor, and the overall mass flowing 

via the turbine and combustor. In case of volumetric heat capacity, the CO2/O2 oxidizer has 

greater value  than  air, which in essence lowers the temperature of the flames, lowering 

flame intensity and stability.[37].  Chemical kinetics rates are inversely correlated with 

combustion efficiency and laminar flame velocity. The laminar flame velocity and 

combustion efficiency both decrease when carbon dioxide is present in high amounts 

during oxy-fuel burning. This is because flames from oxy-fuel burning have delayed 

chemical kinetic levels [42][29].   Moreover, dissociation of CO2 is an extra challenge in 

oxy-fuel flames. Because this is an endothermal reaction which uses energy and influences 

the kinetics of the reaction [43][44][45][46], especially at high concentrations of CO2. So 

if an air-fuel combustion engine is transformed into an oxy-fuel system without any 

geometry changes  and at the same equivalence ratio, the oxygen fraction OF (by volume) 

of 21% in the O2/CO2 oxidizer is not adequate to maintain a steady flame[47][48], that 



9 

 

means the OF needed is higher than 21% [37].  It is demonstrated by Ditaranto et al [49][50] 

that the oxy-combustion cycle needs minimum 30 percent OF to attain stable combustion 

in comparison to air-combustion. To account for the higher volumetric heat capacity of 

carbon dioxide contrasted to nitrogen the higher oxygen concentration is needed. These 

problems include the alteration of burner designs so that stable flames can be maintained 

under conditions of oxy-fuel combustion.[37].  

2.2 Combustion and stability characteristics 

The switch of the flame from the unmixed (diffusion) form to the premixed one outcomes 

in higher rates of flame instability, rendering it very difficult to manufacture gas turbines. 

Swirl typically helps to achieves the flame stabilization. It also improves premixing of fuel 

and oxidizer. The development of a recirculation by swirl at downstream of the burner is 

an effective way of sustaining the flame where there is no physical flame keeper. [51]. 

Reactant premixing raises the uniformity of the temperature and material’s concentration 

fields. But premixing of reactants makes the combustor further susceptible to swirl-

produced oscillations.[52][53][54] 

It is possible to divide combustion instability between static and dynamic instability. The 

systems for static instability are Flashback and Flame Blowout. These processes are 

specifically applicable to conditions of operation. When the speed of the wind exceeds the 

speed of the flame, the flame bursts out, while the flashback emerges when the speed of 

the flame approaches the velocity of the fire. Alternatively, as a consequence of combining 

the heat release with acoustic pressure fluctuations creating unwelcome pressure waves, 

thermos-acoustics or dynamic instabilities are developed. [55][56]. To some extent, these 
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waves  of pressure can be dangerous & can result in destruction to the hardware  of 

combustor. [57].[58] . Premixed combustion is known to be steady where pressure 

fluctuation amplitude is less than five percent of the pressure of chamber. Combustion that 

is oscillatory or unstable exceeds 5%. [57] [58] [59][60] [37].  For two factors, instability 

in combustion may be produced. The 1st theory is that turbulence can be caused by some 

unnatural disturbance outside of the combustion chamber. The 2nd theory is that inside the 

system it will generate uncertainty. For the first cause, chaos is instigated by an external 

disturbance that is steady to minor disturbances. [61][62].  

The instability caused by the oscillations induced by a slight fluctuation resulting from the 

noise of the device.[63][64][65].  Instabilities of combustion in gas turbines can be 

categorized as medium, moderate and high frequency instabilities [66][67][68]. The 

methods and techniques to monitor these instabilities have been developed by numerous 

researchers. [69][70][71]. 

Two methods for the damping of gas turbine combustion oscillations, namely passive and 

active control have been identified by Rashwan et al [70].  In the technique of passive 

control, several alterations are made to increase the energy loss rate or  decrease the heat 

escape rate by modifying the fuel injection system, fuel / oxidizer composition,  the 

combustion chamber configuration or by causing acoustic dampers .[71] In the process of 

active control, in contrast, a source of energy is presented into the combustion mechanism 

to interrupt the relation between the acoustic waves and the release of heat. [69] [37]  
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2.3 Challenges with oxy-fuel combustion 

Engines for combustion of oxy-fuel are very unique. Here, for the equivalence ratio to be 

replaced as the primary parameter of control, FGR becomes a must. Some CO2 is 

recirculated to dilute the major reactants specifically to control the temperature of flame 

[36] & to adjust the temperature of the combustion exit to the process specifications of the 

first stage and the metallurgical boundaries of the turbine[35]. The disparity in physical 

properties between N2 and CO2 has a substantial influence on the physical properties of the 

mixture of reactants [39][38][40]. the physical properties are mainly density,  transport 

properties and volumetric heat capacity [41]. 

Mass diffusivity, elastic viscosity and thermal conductivity are included in the transport 

properties. CO2 has a greater density than N2, impacting the shape of the flame, the velocity 

of the bulk and the reduction in pressure across the combustion core, and the overall mass 

flowing into the turbine and combustion. Compared to air, the oxidizer of CO2/O2 has 

greater volumetric heat capacity, which lowers the temperature of the flames, decreasing 

stability and flame velocity. The greater O2 concentration is needed to account for the 

greater CO2 volumetric heat capacity in comparison to nitrogen. Ditaranto et al [49][50] 

demonstrated that the cycle of oxy-combustion necessitates minimum 30% OF in order to 

ensure steady combustion in comparison to air-combustion. These require the alteration of 

burner configurations in order to continue steady flames under oxyfuel combustion 

conditions [37]. 
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2.4 Existing swirl-based gas-turbine combustion systems  

2.4.1 Dry low-NOx/low-emissions (DLN/DLE) burners  

Latest developments in gas turbine technology are primarily aimed at increasing 

performance and reducing emissions of nitrogen oxides (NOx). Several methods have been 

established to reduce the NOx emissions. Formation of NOx for the period of combustion 

is an important feature of temperature of flame .[72]  Apparently the best encouraging 

solution for decreasing emissions of NOx is to lower the temperature using diluents such 

as water or steam, especially in stationary systems  of power generation. It typically results 

in low engine performance, potential corrosion owing to impurities of water and CO 

burnout reduction or quenching, making it detrimental[63].  Solutions that do not include 

water or steam injection consist of DLN or DLE technologies implemented by LPM 

combustors [73][74]. These combustors can decrease emissions of NOx down to a single 

digit in gas turbine applications [75]. Figure 2 below displays a schematic diagram that 

compares the idea of DLE to a traditional burner.  

 

Figure 2 Comparison of a usual DLE combustor with a traditional one in the schematic diagram [75] 
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Both burners stable in a swirl. In the DLE burner the volume of the fuel injector is bigger 

in order to compensate for the greater amount of airflow in the region of premixing. The 

main model requirements for DLE burners' optimum performance are (a) compliance with 

standards of emission at peak load and (b) emission control across the engine load range. 

The ability of the system to respond quickly to load changes, the conservation of minimal 

combustion acoustics, and the smooth shift from one fuel to another, particularly in engines 

of dual fuel, are other significant parameters for maintaining stability of combustion & a 

wide choice of operability under all circumstances [76]. For the primary purpose of 

lowering emissions of NOx without using injection of water or steam, various producers 

have various model approaches to the concept of DLE combustor. The diagram illustrated 

in Figure 3 below illustrates the concept of the two-stage premixed DLN-1 combustor 

design capable of utilizing both liquid fuels and natural gas [77]. Four key elements 

compose the burner: venturi, liner, fuel injectors, and middle body/cap assembly. There are 

three core areas principal, secondary and dilution supplied by these elements.  

 

Figure 3 DLN combustor by General Electric [77]. 
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The burner works in 4 different modes, such as Premix, Lean-Lean, Primary, and 

Secondary. Fuel is only delivered through the main nozzle in primary mode & main air is 

supplied through the swirlers. Ignition of flame & small loads up to twenty percent are 

carried out in this mode. For intermediate engine loads the lean-lean mode is chosen, 

providing fuel to both the prime and secondary regions.  The fuel blends with air & forms 

the secondary combustion region at the center body exit after passing through the swirler. 

The secondary operating mode is the intermediate mode between the premix modes and 

lean-lean, with the flame being maintained by only the secondary field. Delivery of fuel to 

the principal nozzle is progressively lowered whereas delivery for the secondary nozzle 

rises, which destroys the primary flame. Some fuel is always delivered to the primary 

nozzle in Premix mode, but only in the secondary flame area the flame is maintained. This 

mode makes minimal exhaust emissions possible. NOx and CO levels can be as small as 

twenty five ppmv and nine ppmv, respectively, when utilizing natural gas at base load. [76] 

2.4.2 Environmental (EV/AEV/SEV) burners.  

While the LPM gas turbine industry has numerous competing technologies of combustion, 

a few ranks out depending on their impressive versatility & ultra-low emissions. For 

example, EV burners, compete powerfully with MMs especially because EV burners 

provide dramatically efficient stabilization of flame over a large range of operations, 

increasing the turndown of the engine. Both EV-burners and MMs have never been tested 

under conditions of oxy-combustion; therefore, the subsequent thorough review is devoted 

to EV-burners to explore their possibility for application in gas turbines of zero-emission. 

The EV burner in LPM gas turbines has the capability to reach ultra-low emissions of 

NOx[78]. The geometry comprises of two half-cone shells, one of which, as shown in 
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Figure 4, is slightly offset towards the other in the radial direction while maintaining 

parallel axes.  

 

Figure 4 EV‐burner principle [79]. 

 

Therefore, 2 tangential slots of steady breadth are provided between the shells. The air of 

combustion reaches the burner through these slots tangentially, causing swirling core flow 

with breakdown of vortex adjacent to the exit of the burner [80].  The swirl strength rises 

in the direction of axis due to the rising diameter; the angle of divergence is deliberately 

constructed to place the point of breakdown of vortex near the exit of burner, as seen in 

Figure 5. Gaseous fuel premix is pumped into the combustion to mix with air by a row of 

holes situated upstream of every air slot; this crosswise injection increases the efficiency 

of mixing and is a crucial requirement for ultra-low emissions of NOx. EV-burners are 

capable of dual fuel, which is  water injection liquid fuel and gaseous fuel (DLN) [78]. 
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A sudden and abrupt change in the strongly swirling flow mechanism is Vortex breakup, 

one of the key features of EV-burners. Some research has shown that the onset of 

breakdown of vortex is autonomous of the Reynolds number (Re) of flows , but depends 

primarily on the number of swirls[81]. The vortex breakdown occurs in two different 

forms, including the axisymmetric bubble-like and the spiral shaped ways, based on the 

configuration of the burner. The axial flow slows down along the axis  of vortex, and as 

the flow recirculation within the combustor is spread over a large area, the velocity 

gradients within the vortex weaken. [82].  This action results in a total blending of the 

reactants and higher stability of flame, both at start-up & under very-small load situations. 

Good mixing avoids spots of high temperature in the flame from being formed and can also 

keep concentrations of NOx at a low level. The center of the flow accelerates downstream, 

thereby eliminating the flame flashback. Which facilitates safe operation at ultra-lean 

conditions, resulting in full combustion at controlled temperatures and lower 

concentrations of CO and NOx. 

 

Figure 5 Distribution of axial velocity within an EV burner [79]. 
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The EV‐burner design is distinguished by several features [79] from other premix hardware 

of DLN [83]: 

1. In the axial direction, the distribution of air intake dramatically accelerates the core 

flow, forming a normal flashback barrier. 

2. Strong swirls are produced simply through tangential intake of air; sophisticated 

swirlers are not needed. 

3. Without the need for additional stability devices such as dump extensions, bluff 

heads, and ramps that may possibly be harmed owing to flame impingement, the 

point of breakdown of vortex is fixed aerodynamically in the free flow. 

4. A central or inner recirculation area resides downstream of the point of vortex 

breakup, which steadies the flame efficiently.  

5. To help stabilize pre-mixed flames at medium to high loads, no pilot fuel injection 

is required; the burner can operate in a 100 percent pre-mixed mode that allows 

ultra-low emissions of NOx in the exclusion of diffusion combustion. 

 

A separate pilot circuit injects fuel at low loads into a lance at the centerline of the burner, 

where the equivalence ratio of the burner is below the extinction point of the premix. The 

core flow becomes rich in fuel at the vortex breakup point, and the resultant flame is 

stabilized again. Likewise, if the burner is driven with liquid fuel, it is pumped into the 

head of the cone through a central plain jet nozzle. The jet breaks up into tiny droplets 

which scatter within the burner cone over the entire flow area. With the aid of an inner 

recirculation region the resulting flame is stabilized. The need to improve liquid fuel 



18 

 

evaporation and mixing to further reduce the related emissions of NOx contributed to the 

advancement of an Advanced EV (AEV) burner[84][85][86], as seen in Figure 6. 

 

Figure 6 Design features of AEV burner [79] 

Four inlet air slots are utilized in place of 2, minimizing the tangential variance of the radial 

component of velocity & thereby eliminating the impression of fuel droplets on the walls 

of the cone.  To tackle complete liquid fuel evaporation and to facilitate gaseous mixing, 

an extra tube for mixing is added to the burner. The axial and tangential velocity profiles 

demonstrate a jet-like core flow with a definite tiny vortex body inside the conical segment 

(Figure 7). 
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Figure 7 AEV burner velocity profiles Axial (top) and tangential (bottom) [79]. 

The centerline peak axial speed exceeds its average by twice at the cone exit. [79].This 

strong axial core flow rate continues in the mixing channel, thus increasing the flashback 

range. It is also possible to improve the lowest velocity outside the mixing tube walls by 

sufficiently admitting an air film less than ten percent of full airflow. This film significantly 

removes the threat of flashbacks on the wall and dilutes any nearby residues rich in fuel. 

The former Alstom Company designed and introduced the EV‐burner in its gas turbine 

GT11, which housed a central ignition burner plus 36 burners in a 3-ring hexagonal 

composition.[87]. 

Since the initial configuration was not yet fitted with central pilot injection, all burners 

were only fired in premixed mode. By switching on and off the individual burners, full 

combustor load and turndown have been achieved. The same hexagonal configuration has 

also been utilized in the Alstom GT11N22, GT13, GT8, and GT9 gas turbines.[88]. The 

EV-burner pilot-fuel-injected configuration was first introduced in the Alstom GT10 and 

GT13E2 gas turbine annular combustors & soon after in the GT26, GT24 and GT8C2 

engines. At present, all Alstom gas turbines have EV and AEV-burners-based low-NOx 

combustion systems. Paschereit et al [89] explored the impact of bringing the central lance  
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of fuel closer to the point  of vortex break-down. This plain modification in design granted 

for the fixation of the axial location of the point of breakdown over a wide range of 

conditions of operation & superior control over instability of combustion. 

The extending of central lance also strengthened the aerodynamics of the burner and the 

flames without central fuel injection. In order to measure the impact of the extension of 

lance on instabilities of combustion (oscillations of pressure and heat release) & on CO, 

NOx, and emissions of unburned hydrocarbon, visualizations of flow were done. The 

researchers tried to optimize the location of the axial lance and the quantity of central fuel 

at different output powers and burner equivalence ratios. In order to build a premixed 

staged burner which achieves much lower emissions of NOx at lesser component loads in 

comparison to standard EV-burner service, Zajadatz et al[80] scrutinized the regulated 

splitting of gaseous fuel between the major circuit of premix & the central pilot lance. 

There were no big changes in the configuration of the burner or its fuel supply mechanism 

in this smart fuel staging, which made the concept applicable for most modern EV gas 

turbines. Cho et al [90] analyzed numerically, in a related review, the impact of staging of 

fuel and unmixed fuel-air on emissions of  NOx. They suggested the splitting of fuel 

between the central pilot lance and the premix circuit to eliminate non-mixing and the 

subsequent NOx. To increase the mixing of fuel-air, a further design enhancement was also 

proposed, for example by raising the gap between fuel holes in the circuit of premix to 

allow extra time to blend fuel with air. 

Wind et al [91] tested natural gas fuel for the Alstom GT26 engine containing varying 

concentrations of H2 & higher hydrocarbons (C2 +), seeking greater flexibility of the fuel. 

They investigated both reheat combustor's primary EV‐burners and the Sequential EV‐
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burners. H2 & higher hydrocarbons influence the burning speed and delay period of auto-

ignition, which is a primary design factor for SEV burners. The typical procedure of 

operation of the engine had to be altered just a little to adjust some fuel composition 

variations without any modifications of hardware.  EV-burners have supreme longevity, 

reliability and turndown based on this simplistic review, rendering them an encouraging 

alternative for oxy-fuel combustion to conquer the reduced performance of carbon dioxide 

diluted oxy-combustion relative to conventional combustion of air-fuel. As EV-burners 

have never been tested before at conditions of oxy-combustion, there is a need for a detailed 

investigation to measure the pertinence of this technology in gas turbines of zero-emission. 

2.5 Premixed oxy-fuel combustion  

2.5.1 Characteristics of premixed oxy-fuel combustion  

The dynamic equilibrium of flames for premixed CH4/CO2/O2 in stoichiometry was 

investigated by Speth et al [92]. The adiabatic flame temperature (AFT) of the mixture of 

reactant was modified by the OF. Though oxy-flames and air-flame have distinct speeds of 

flame at the same AFT, correlation between the two flames was found in that the adiabatic 

flame temperature mainly controls the transition from one mode of stability to another. 

High-speed photographs that showed identical modes of vortex collapse backed the above 

result. These modes, which are symptomatic of the associated geometries of turbulent 

flame, reflect a shift in AFT, as AFT shifts the turbulent flame geometries.  

In addition, Kutne et al [93] researched and assessed flames of air and oxy-methane, but 

under the conditions of premixed partially. They regarded 0.5 to 1.0 equivalence ratios and 

20 to 40 percent oxygen fractions. For quantifying the flame structure, Raman spectroscopy 
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and OH*‐chemiluminescence imaging were used. The oxygen fraction has been reported 

to have a considerable influence on characteristics of flame, while the equivalence ratio 

has a minor influence. Compared with oxy-flames, the inner recirculation zone in air-

flames is situated further upstream, suggesting the latter's inferior stability. The researchers 

have reported that the twenty one percent OF is unachievable in oxy-flames. Greater 

volumetric heat capacity of carbon dioxide relative to nitrogen was reason for the lower 

oxy-flame speeds and combustion temperatures. These observations were also 

strengthened by numerous other researches [94][44].  According to Song et al, the profiles  

of temperature were observed to align CH4/air and CH4/36 percent O2/64 percent CO2 

flames.[94].The literature [95][96] recorded similar values.  

Rashwan et al [97] stated similar outcomes; for stable oxygen combustion with FGR, an 

oxygen fraction of 29 to 40 percent is required. In addition, owing to the negative effect of 

combining carbon dioxide to the kinetics of combustion, oxy-combustion restricts the 

stability period of combustor. Abdelhafez et al [98] demonstrated that steady oxy-flame 

could not be achieved in a model of swirl-stabilized premixed gas-turbine combustor  at 

OF beneath 22 percent, even under conditions  of stoichiometry. They stated that the impact 

of the OF is considerably larger than that of the equivalence ratio, which means that steady 

flames with higher oxygen fractions can be achieved under much leaner conditions. The 

blow-out mechanisms of premixed flames of CH4/O2/N2 and CH4/O2/CO2 in a swirl 

combustor is contrasted by Jerzak and Kuznia [45].They indicated that, relative to air-

flames, FGR oxy-flames have significantly narrower windows of operability. An 

experimental study involving partially premixed CH4/O2 and CH4/air flames over a PP 

burner was performed by Rashwan et al [99]. The data demonstrated that as the ratio of 
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premixing rises, the NOx and CO emissions reduces. The color of the flame moved to blue 

at greater ratios of premixing from reddish color at smaller ratios; higher soot formation 

readings were measured in diffusion flames. The experiments have shown that, as the OF 

of the mixture of oxidizer rises, the steadiness of the flames of the oxy-fuel rises because 

of the rise in speed of flame. 

2.5.2 Flame stabilization mechanisms in past studies 

An efficient way to stabilize the flames where there is no physical flame keeper is the 

development of a swirl-generated zone of  recirculation in downstream of the burner. [51]. 

However, reactant premixing enhances the homogeneity of the species' temperature & 

concentration fields, rendering the combustor more susceptible to oscillations produced by 

swirls in pressure and/or equivalence ratio. [52][53][54]. Permanent harm can occur by 

resonance when the oscillation frequencies interact constructively with natural frequencies 

of the geometry of the combustion system, [52]. Rashwan et al [70] identified 2 techniques 

for the damping of oscillations of gas turbine combustion, namely active and passive 

control. Some adjustments are made in the passive control technique to lessen the rate of 

heat release or rise the energy loss rate by adjusting the composition of the fuel / oxidizer, 

the fuel injection system, the configuration of the combustion chamber or by inducting 

acoustic dampers [71].  On the other hand, in the technique  of active control, to disrupt the 

coupling between the waves of acoustic & heat release, an energy source is inserted into 

the combustion system [69]. Some strategies have recently been proposed to avert 

situations that lead to oscillations in combustion systems while preserving large operability 

ranges. These methods incorporate approaches for managing the mixing profile. It is 

necessary to have two active control strategies, namely pulsing pilot fuel injection at the 
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instability frequency  [100]and fuel staging[101]. The latter technique enables 

simultaneous reduction of Emissions of NOx and suppression of instabilities without the 

complexity of the pulsing-injection technique with high-frequency actuation. Lacarelle et 

al. [102] researched the impact on residency time delays & mixing performance in a 

premixed system of various fuel injection techniques. They suggested that for a given fuel 

delivery, an escalation in mixing efficiency is obtained where the line of fuel injection 

consists of two rotating jets at 25 ° and 55 ° angles of crossflow in comparison to a 45 ° 

angle single jet.  

Lacarelle and Paschereit [103] devised a fluidic oscillator to avoid drawbacks in 

mechanically induced flows. In a basic jet-in-crossflow system, the efficiency of mixing of 

four such injectors were contrasted with that of a standard non-oscillating jet. This was 

claimed that the fluidics injectors worked better than the standard jets and that the use of 

fluidics injectors could achieve around 50 percent decrease in mixing duration for a given 

mixing quality. In a lean premixed environment, Estefanos [104] examined the effects of 

air-fuel mixing on emissions of NOx and combustion instabilities. He suggested that 

axially injecting fuel into an environment of heavy unstable mixing helps to detach the 

dynamics of combustion by dampening the unstable mixing. 
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CHAPTER 3 

EXPERIMENTAL AND NUMERICAL MODEL 

3.1 Experimental Setup  

For the purpose of researching premixed oxy-methane-CO2 flames for clean and effective 

power generation, the LPM DLE swirl stabilized premixed fuel-flexible model combustor 

for gas turbine was used. Static stability of the oxy-flames was found with the help of two 

flame extinction limits i.e. blowout and flashback limits. The figure of experimental setup 

is shown in Figure 8. The detailed Diagram of the Model gas turbine combustor rig 

equipped with swirler is shown in Figure 9. There are two radial inlets of 4 mm inner 

diameter opposite to each other for diluent and oxidizer (CO2 + O2) at 35 mm above from 

the base. While fuel CH4 enters the plenum from the bottom through a single tube. For 

premixing, fuel and oxidizer are passed through the premixing chamber of approximate 1 

m length before the swirler inlet and approximate diameter 50.8 mm. For achieving 

controlled composition of premixes 45° and 55° swirler is used. Immediately after the 

swirler a 30° gradual converging and 45° diverging nozzle insert of 20 mm throat diameter 

is used for acceleration. To confine the flame a quartz tube of inner diameter 63.5 mm and 

length 30 cm is placed on top of combustor rig. From high pressure cylinder through 

computerized flow controller fuel and oxidizers are supplied as shown in figure 8. 
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Figure 8 Diagram of Experimental Setup. 
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Figure 9 Diagram of the Model gas turbine combustor rig equipped with swirler. 
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3.2 Test condition 

The current study examines premixed CH4/O2/CO2 flames for swirlers with various angles 

at a fixed flame-inlet bulk velocity. For all of the CH4/O2/CO2 flames that were studied, 

the method used to fix the bulk throat velocity at 5.2 m/s was thoroughly explained by 

Abdelhafez et al. [19]. 

The following species flow rates are found. [20] 

𝑚̇𝐶𝐻4
= 16 (

𝑝𝐴𝑣𝑎

𝑅𝑢𝑇
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𝑅𝑢𝑇
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where OF and were evaluated across the corresponding ranges of 21–70% and 0.2–1.0. 

Utilizing the formula, the bulk dynamic viscosity of the reactant combination was 

determined [98]. 

µ𝑚𝑖𝑥 =
∑ 𝑦𝑖µ𝑖√𝑀𝑖

∑ 𝑦𝑖 √𝑀𝑖

 

From the bulk density of the reactant mixture, 

𝜌𝑚𝑖𝑥 =
𝑝 ∑ 𝑚̇𝑖

𝑅𝑢𝑇 ∑ (
𝑚̇𝑖

𝑀𝑖
)
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Thus, it was possible to determine the Reynolds number at the burner throat using 

𝑅𝑒 =
𝑣𝐷𝜌𝑚𝑖𝑥

µ𝑚𝑖𝑥
 

 

 

3.3 Experimental procedure: 

The flow rates of methane, O2, and CO2 were adjusted in such a way that it makes a constant 

bulk velocity of 5.2 m/s at throat and desired OF and φ is obtained. As a result, even if both 

data points had the same OF or φ, switching from one data point to the next required 

adjusting all three flows. 

The procedure used to do the experiments is as follows: 

1. Firstly, a safe ignition point is determined away from flashback and blowout 

for premixed oxy-methane combustion. 

2. Then gradually flowrates of CO2, O2 and fuel CH4 are adjusted gradually for 

achieving the desired OF and assumed equivalence ratio ϕ 

3. Then, to reach to the necessary regime of flashback or blowout for the given 

OF gradually flowrates of CO2, O2 and fuel CH4 are adjusted until reach that 

regime and record the equivalence ratio ϕ. Inlet velocity is 5.2 m/s 

4. The flame gets cup shape and outer recirculation zone when its week, but it gets 

V shape of inner recirculation zone when stronger. 
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5. From the stable point equivalence ratio ϕ is reduced to reach the blowout point 

and equivalence ratio ϕ is increased to reach flashback point for same OF. 

Before blowout flame gets week whereas it gets stronger with huge noise before 

flashback. 

6. The steps 1 – 5 are repeated for different swirler of 45°, and 55°. 
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3.4 Numerical Model Setup of CH4/O2/CO2 flames 

To perform simulation work of swirl stabilized premixed oxy-methane combustion Ansys 

fluent CFD tool is used. ANSYS Design modeler and ANSYS Meshing software are used 

for preparing geometry and meshing, respectively. Type meshing utilized is tetrahedron. 

Instead of the transport equations from the Reynolds-averaged solution, Probability density 

function (PDF) was implemented as any thermochemical moment such as RMS 

temperature, average reaction rate, etc. can be obtained with lower computational time 

from the PDF process. To investigate the effect of swirl on premixed oxy-methane 

combustion, considered different conditions are given in table 1. 

 

Figure 10 Tetrahedron type meshing used for swirl stabilized combustor setup. 

 

 



32 

 

Table 1 Oxy-methane cases to be simulated for various swirl angle. 

swirler Case Oxygen fraction Equivalence ratio ϕ 

55° 1 35% 0.568 

2 50% 0.374 

3 65% 0.269 

45° 4 35% 0.568 

5 50% 0.374 

6 65% 0.269 

 

3.4.1 Governing equations 

The Large Eddy Simulation (LES) model for Swirl-stabilized flames in ANSYS Fluent 

19R3 was used to solve the conversation equations of momentum, mass, & energy, as well 

as the scalar variable's transport equation in the three-dimensional (3D) computing 

environment. the scalar variable's transport equation in the three-dimensional (3D) 

computing environment. In order to examine eddy-formation and its effect of the 

combustion, LES model was selected for the swirl-stabilized combustor. Solving the 

equations for the 3D domain simultaneously predicted heat transport, flow, and emission 

characteristics. In equation (1), Momentum, Energy & Mass conservation equations is 

represented where Γ∅ is the diffusion component, 𝑆𝛷 is the source term, 𝑢𝑗 is the velocity 

component along j direction, while Reynolds averaged, and fluctuating components of the 

dependent variable are denoted by 𝛷 and ∅ respectively. 

𝜕

𝜕𝑥𝑗
(𝜌̅ 𝑈̅𝑗𝛷 + 𝜌̅ 𝑢̅𝑗∅) =

𝜕

𝜕𝑥𝑗
[Γ∅

𝜕𝛷

𝜕𝑥𝑗
] + 𝜌𝑆𝛷̅                                                                      (1) 
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3.4.2 Radiation model 

Radiant heat transfer was anticipated utilizing the discrete ordinate (DO) modeling 

strategy, which has been proposed for modeling oxyfuel combustion and is applicable for 

a wide range of optical thickness.[105] One radiative iteration was run in the DO model 

for this experiment for every ten energy iterations. The gaseous mixture's absorption 

coefficient was determined utilizing the WSGGM (weighted sum of gray gas model), and 

it was confirmed under numerous working conditions. [106] Equation (2) shows total 

emissivity (𝜀) in terms of the weighted sum of gray gases.  

𝜀 = ∑ 𝛼𝜀,𝑖(𝑇)[1 − 𝑒−𝜅𝑖𝑃𝐿]

𝑖=𝐼

𝑖=0

                                                                                                  (2) 

Where 𝛼𝜀,𝑖 refers to the emissivity weighting factor for the grey gas 𝑖 at temperature 𝑇,  𝑃 

represents the partial pressure of the absorbing gases, 𝜅𝑖 indicates the adsorption 

coefficient, and 𝐿 represents the gas layer thickness (or path length). 

 

3.4.3 Modelling for Turbulence  

Large eddy Simulation (LES) turbulence model 

There are two types of eddies that make up the turbulent flow: small & large eddies. While 

kinetic energy of turbulence is dispersed by small eddies, the usual length of the mean flow 

corresponded by large eddies. In this study, the LES modeling approach was used to solve 

turbulence by sorting out smaller eddies. The low-pass sorting procedure for a quantity can 

be performed using Equation (3) [107], where G is the function for filter used to estimate 
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the scale of resolved eddies and the integration takes into account the entire domain. 

Equations (4) and (5) demonstrate the representation for continuity and the Navier-Stokes 

equation following the integration of the function of filtering. 

𝜑̅(𝑥, 𝑡) = ∫ 𝐺(𝑟, 𝑥)𝜑(𝑥 − 𝑟, 𝑡)𝑑𝑟                                                                                       (3) 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝜌𝑢̅𝑖) = 0                                                                                                                  (4) 

𝜕

𝜕𝑡
(𝜌𝑢̅𝑖) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢̅𝑖𝑢̅𝑗) =

𝜕

𝜕𝑥𝑗
(𝜇

𝜕𝜎𝑖𝑗

𝜕𝑥𝑗
) −

𝜕𝑝̅

𝜕𝑥𝑖
−

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
                                                     (5) 

Here 𝜎𝑖𝑗 tensor of stress from molecular viscosity and 𝜏𝑖𝑗, corresponding to subgrid-scale 

stress, are expressed respectively by Equations (6) and (7). 

𝜎𝑖𝑗 ≡ [𝜇 (
𝜕𝑢̅𝑖

𝜕𝑥𝑗
+

𝜕𝑢̅𝑗

𝜕𝑥𝑖
)] −

2

3
𝜇

𝜕𝑢̅𝑖

𝜕𝑥𝑗
𝛿𝑖𝑗                                                                                     (6) 

𝜏𝑖𝑗 ≡  𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ − 𝜌𝑢̅𝑖𝑢̅𝑗                                                                                                                 (7) 

In order to replicate the subgrid-scale stresses that resulted from the filtering procedure, 

filtered static pressure terms & the isotropic portion of the subgrid-scale stresses  were 

combined. Equation (8) depicts the deviator component modeling using turbulent viscosity  

𝜏𝑖𝑗 = −2𝜇𝑡𝑆𝑖̅𝑗                                                                                                                              (8) 

Where, 𝑆𝑖̅𝑗 and 𝜇𝑡  represents the turbulent viscosity & the strain tensor rate, respectively. 

The Smagorinsky-Lilly model was implemented to solve the Turbulent viscosity (𝜇𝑡), 

provided in Equation (9). 
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𝜇𝑡 =  𝜌𝐿𝑠
2 |𝑆̅|                                                                                                                              (9) 

Here, 𝐿𝑠 denotes the length of mixing for subgrid-scale as stated in Equation (10), the term 

|𝑆̅| can be calculated from Equation (11). Here, the terms 𝑑, 𝜅 , 𝑉 , & 𝐶𝑠 in Equation (10) 

denote distant to the closest wall, the Kármán constant, volume of the computational cell, 

and, Smagorinsky constant respectively.  

𝐿𝑠 = min(𝜅𝑑, 𝐶𝑠𝑉1 3⁄ ),                                                                                                           (10) 

|𝑆̅| ≡ √2𝑆𝑖̅𝑗𝑆𝑖̅𝑗                                                                                                                           (11) 

 

Reynolds-Averaged Navier-Stokes (RANS) turbulence model 

Unlike the swirl-stabilized combustor, the total inlet stream is divided into multiple-smaller 

streams reducing/eliminating the swirl-effect and make the flow with reduced turbulent 

and more towards laminar regime. Due to this, (RANS) turbulence model is applied in this 

section in-stead of computationally heavier LES model. Fluent 19R3 ANSYS, where the 

following Equations (12) and (13), respectively, are utilized to calculate the dissipation rate 

(ε) & kinetic energy (k). Here, 𝐺𝑘 and 𝐺𝑏 correspond to generation of turbulence kinetic 

energy as result of velocity gradients and buoyancy, while 𝑌𝑀 implies to contribution of 

fluctuating dilatation in compressible turbulence to overall rate of dissipation. The terms 

𝐶1ε, 𝐶2ε and 𝐶3ε are the constants, where as Prandtl numbers for k and ε, respectively relate 

by 𝜎𝑘 and 𝜎ε. Finally, the turbulent viscosity (𝜇𝑡) is calculated by combining the  ε & k, as 

presented in Equation (14) [107]. 
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𝜕

𝜕𝑡
(𝜌k) +

𝜕

𝜕𝑥𝑖

(𝜌k𝑢𝑖) =
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌ε − 𝑌𝑀 + 𝑆𝑘                    (12) 

𝜕

𝜕𝑡
(𝜌ε) +

𝜕

𝜕𝑥𝑖

(𝜌ε𝑢𝑖)

=
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎ε
)

𝜕ε

𝜕𝑥𝑗
] + 𝐶1ε

ε

𝑘
(𝐺𝑘 + 𝐶3ε𝐺𝑏) − 𝐶2ε𝜌

ε2

𝑘
+ 𝑆ε               (13) 

𝜇𝑡 = 𝜌𝐶𝑝

𝑘2

ε
                                                                                                                               (14) 
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3.4.4 Reaction model 

The combustion of CO2-diluted CH4/O2 was described utilizing the partially premixed 

model combustion, which was expanded to support fully premixed combustion by 

choosing the inflow mean mixture percent.  In ANSYS FLUENT, the partially premixed 

model, which is a arrangement of diffusion & premixed combustion models, has the 

advantages of both preceding types while also enabling more control over reactions & 

species than the model for premixed combustion. [107]. Transport equations for mean 

mixture fraction (𝑓)̅, mean reaction progress variable (𝑐̅), & mixture fraction variance (𝑓’̅2), 

have been resolved to acquire other scalar variables like density weighted average scalars. 

The mass fraction of a suitable species, which is zero in the unburned mixture and 1.0 in 

the completely burned mixture, is the reaction progress variable in this case. The fraction 

of the mixture can be estimated. from Equation (15), where 𝑌 𝑎𝑛𝑑 𝑠 are respectively mass 

fraction & oxygen to fuel ratio. The term 𝑌𝑓𝑢 denotes the fuel mass fraction, 𝑌𝑜𝑥 is the 

oxygen mass fraction, the subscripts 0 and 1 relate to the oxidizer and fuel inlet streams, 

respectively.  

𝑓 =
𝑠𝑌𝑓𝑢 − 𝑌𝑜𝑥 + 𝑌𝑜𝑥,0

𝑠𝑌𝑓𝑢,1 + 𝑌𝑜𝑥,0
                                                                                                            (15) 

Equation can be used to calculate temperature and species fractions, which are density-

weighted average scalars, using the probability density function (PDF) and the progress 

variable (16). Subscripts, 𝑢 and 𝑏, in this expression indicates the unburnt and burnt 

mixtures, respectively.  
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∅̅ = 𝑐̅ ∫ ∅𝑏

1

0

(𝑓)𝑝(𝑓)𝑑𝑓 + (1 − 𝑐̅) ∫ ∅𝑢

1

0

(𝑓)𝑝(𝑓)𝑑𝑓                                                         (16) 

Alternatively, the progress variable can be stated using the mass fraction of the species and 

calculated using Equation (17), here 𝑌𝑖  and 𝑌𝑖,𝑎𝑑 are the mass fraction of the species as a 

result of complete combustion and the mass fraction of the species after that. The progress 

variables have values ranging from 0 to 1, with 0 indicating an unburned mixture and 1 

indicating a burnt mixture.  

𝑐 = (
∑ 𝑌𝑖

𝑛
𝑖=1

∑ 𝑌𝑖,𝑎𝑑
𝑛
𝑖=1

)                                                                                                                       (17) 

Equation can be used to express the rate of product formation, also known as PFR, which 

is the rate at which product formation occurs (18). 

𝑃𝐹𝑅 =
∆[𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠]

∆𝑡
                                                                                                               (18) 

Thickness of flame (𝛿) can be premeditated from the correlation among unburnt thermal 

conductivity (𝜆𝑢), specific heat capacity (𝑐𝑝),  density (𝜌𝑢), and laminar speed of flame 

(𝑆𝐿), as shown in Equation (19). 

𝛿 =
𝜆𝑢

𝜌𝑢𝑐𝑝𝑆𝐿
                                                                                                                                (19) 

In CHEMKIN, the laminar speed of flame (𝑆𝐿) for premixed reactants can be calculated 

using a method for approximation, utilizing Equation (20), here 𝑇0, 𝑇𝑢, 𝑇𝑏, and 𝑌𝑓,𝑢
𝑚  

correspond to layer temperature, unburned temperature, burned temperature, and mass 
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fraction of the unburned fuel.[108], [109] The work by Göttgens et al. provides more 

information on the expression. [108] 

= 𝐴𝑇0𝑌𝑓,𝑢
𝑚

𝑇𝑢

𝑇0
(

𝑇𝑏 − 𝑇0

𝑇𝑏 − 𝑇𝑢
)

2

                                                                                                              (20) 

The Damköhler number (𝐷𝑎), assessed from equation (21), indicates to the proportion of 

rate of reaction to rate of diffusion. The terms 𝑢′ & 𝑙𝑡 depict scale root mean square (RMS) 

of fluctuation of velocity and the integral length. 

𝐷𝑎 =

𝑙𝑡
𝑢′

⁄

𝛿
𝑆𝐿

⁄
                                                                                                                                  (21) 

It is possible to calculate power density. from Equation (22). Here, 𝑚̇𝑓𝑢𝑒𝑙 and 𝐶𝑉𝑓𝑢𝑒𝑙 are 

the rate of  mass flow & fuel’s calorific value, whereas 𝑉𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟 and 𝑃𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟 are the 

volume and pressure of the combustor [110], [111]. Calorific values of the methane, CO, 

and H2, are respectively 55.5, 10.1, 141. and 8, MJ/kg, [112]. 

𝑃𝐷 =
𝑚̇𝑓𝑢𝑒𝑙 × 𝐶𝑉𝑓𝑢𝑒𝑙

𝑉𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟 × 𝑃𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑜𝑟
                                                                                             (22) 

factor of Pattern (PF) as given in Equation (23) resembles to the uniformity of temperature 

at the outlet of combustor, here 𝑇𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑛𝑑 𝑇𝑎𝑣𝑒𝑟𝑎𝑔𝑒  are the maximum and average 

temperatures at the combustor's output, respectively [76]. 

𝑃𝑎𝑡𝑡𝑒𝑟𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑇𝑚𝑎𝑥𝑖𝑚𝑢𝑚 − 𝑇𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝑇𝑎𝑣𝑒𝑟𝑎𝑔𝑒 − 𝑇𝑖𝑛𝑙𝑒𝑡
                                                                          (23) 
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Thermal power (TP) is the power of the exhaust gases as expressed in Equation (24), where 

𝑚̇𝑎𝑖𝑟 𝑜𝑟 𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑟 and 𝑚𝑓𝑢𝑒𝑙 refer to the mass flow rates of oxidizer and fuel, respectively. 

Here 𝐶𝑝 is the mean heat capacity of the oxidizing mixture [113].  

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

= (𝑚̇𝑎𝑖𝑟 𝑜𝑟 𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑟 + 𝑚̇𝑓𝑢𝑒𝑙) × 𝐶𝑝 × (𝑇𝑎𝑣𝑒𝑟𝑎𝑔𝑒,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑖𝑛𝑙𝑒𝑡)          (24) 

 

3.5 Validation of the developed model 

The experimental data from the authors' previous study on the combustion of oxy-propane 

served as the basis for the validation of the swirl-stabilized combustion numerical design 

model utilized in this study [114]. The case used for validation has Φ=89% and OF=0.30. 

Using the current numerical model, the experimentally measured temperatures were 

compared to the computed radial (at z=10 cm) and axial (at the combustor centerline) 

temperature distributions, as shown in Table 11. The distributions reveal that the calculated 

and recorded data are in good agreement. In the direction of the combustor axis, there is a 

tiny variation between the experimental and numerical temperatures. The extreme 

temperature  of flame core and inaccurate temperature measurement  of thermocouple are 

the causes of this. This temperature difference can also be significantly influenced by 

simulation inaccuracies. However, when you go closer to the combustor wall, the 

temperature difference becomes insignificant. The quartz combustor wall specifications 

have been thoroughly tested against the physical configuration. Additionally, the LES 

turbulence model  and the PDF model utilized in this study's numerical simulations are 

extensively utilized & supported in the open literature for premixed turbulent flames [115]–



41 

 

[117]. The comparisons in the section that follows show a good degree of agreement 

between experimental data  & numerical results in terms of flame macrostructure. Further 

validation work has also been conducted for the oxy-methane and hydrogen-enriched oxy-

methane flames. Numerical analysis of the same combustion chamber using the same 

combustor for oxy-methane combustion can provide information of the validation 

procedure for CH4/O2/CO2 [118], CH4/ H2/O2/CO2 [118], [119] flames.  
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Figure 11 Experimental temperature profiles versus Numerical temperature profiles along (a) axial direction 

and, (b) radial direction at OF=0.30, Φ=89%. and axial location of z=10 cm, , Experimental data from Ref [115]. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Experimental Results of CO2-diluted oxy-methane flames 

4.1.1 Combustor Stability Maps 

The stability of the premixed oxygen-methane (CH4/O2/CO2) flames is quantified for DLE 

combustor of gas turbine over ranges of oxygen fraction (25%-70%), and equivalence ratio 

(0.1-1) at fixed inlet velocity of 5.2 m/s. Stability maps (blowout & flashback limits) are 

presented. OF(Oxygen-Fraction) is supposed to play a major role in oxy-fuel flames, 

particularly in influencing essential combustion characteristics such as adiabatic flame 

temperature (AFT), which is critical for premixed flame investigations. Figure 12 

illustrates the obtained stability maps for 55 degree swirler stabilized oxy -methane flames. 

For each OF, blowout point is designated by triangle icon, whereas flashback point is 

portrayed with diamond symbol. The exponential fits were observed for adequately 

representing blowout and flashback limits. The stable zone of combustion is shown by the 

area between the fit lines, while the blowout and flashback zones are represented by the 

areas below and above. Figure 13 illustrates the obtained stability maps for 45 degree 

swirler stabilized oxy -methane flames. For each OF, the round symbol represents the 

blowout point, while the square symbol represents the flashback point.  

 



43 

 

 

Figure 12 Stability map for 55 degree swirler (diamond icon flashback line and triangle icon blowout line). 

 

 

Figure 13 Stability map for 45 degree swirler. (Square icon flashback line and round icon blowout line) 
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Figure 14 illustrates the comparison of stability map, for flashback and flame blowout 

limits, for 45 and 55 degree swirler of the model gas turbine combustor for oxy -methane 

flames. It is observed that the flashback limits of 45 degree swirler flames are reached at 

higher ϕ in comparison with those of the 55 degree swirler flames for the same OF. The 

results showed that the lower the angle the wider the stable zone. Therefore 45 degree 

swirler has wider stable zone in comparison to 55 degree swirler. The stable zones for Both 

the swirler narrow down toward higher OF and lesser ϕ. The blowout curve on the stability 

map similarly follows a constant AFT shape, however the flashback curve does not.  There 

are very little change for blowout with swirler angle but the higher the angle the lower the 

flashback line. 

 

 

Figure 14 Comparison of Static stability map, in terms of flashback limits & flame blowout, for 45 and 55 degree 

swirler of the model gas turbine combustor holding CH4/O2/CO2 flames 
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A wider stability map, indicating a broader range of stable operating conditions, can be 

achieved with a 45-degree swirler compared to a 55-degree swirler when using oxy-

methane combustion. In 55 degree swirler the flame is short and wider and close to 

upstream. Boundary layer induced flashback occurs early in 55 degree swirler in 

comparison to 45 degree swirler. As a result, the stable zone is narrower for 55 degree 

swirler.  

Lower flame flashback tendency: The broader swirling flow of the 45-degree swirler 

reduces the likelihood of flame flashback by distributing the flame over a larger area. This 

minimizes the chance of the flame propagating back into the oxy-methane supply, 

improving safety and expanding the stability map. Enhanced flame stabilization: The 45-

degree swirler provides better flame stabilization characteristics due to its broader flame 

shape. The extended flame length increases the likelihood of flame stabilization, enabling 

the flame to sustain combustion over a wider range of oxy-methane compositions. In 

summary, the wider stability map achieved with the 45-degree swirler for oxy-methane 

combustion is a result of reduced flame flashback tendency and enhanced flame 

stabilization capabilities compared to the 55-degree swirler. 
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Figure 15 Combustor stability maps of CH4/O2 flames along with constant AFT curves, with a throughout fixed 

inlet velocity of 5.2 m/s. 

Figure 15 illustrates that the blowout curve on the stability map follows a constant AFT 

shape, however the flashback curve does not. There is a sharp increase of equivalence ratios 

with the decrease of oxygen fraction for flashback line. Figure 16 shows the comparison 

of stability maps for 55 degree and 45 degree swirler. The blue line is for 45 degree swirler 

and red line indicates for 55 degree swirler. It is obvious that 45 degree swirler has wider 

stable zone narrowing down towards the higher oxygen fractions. 
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Figure 16 Comparison of the stability maps of 55 degree and 45 degree swirler  

  



48 

 

4.1.2 Flame Structure Analysis 

Test Conditions for Capturing Images of Flames 

Table 2 Flame-imaging matrix 

 

 

 

 

 

 

Table 2 gives the flame imaging matrix for experimental work. The figure 17 gives a 

comparative image of flame shape and macrostructure for 45° and 55° swirler stabilized 

flames. Recirculation zones, in particular the ORZ at the combustor wall and the IRZ close 

to the centerline of combustor, are necessary for the stability of the flame. For 55° swirler 

the flame is wider and shorter while on the other hand for 45° swirler the flame is narrower 

and longer because of effect of IRZ and ORZ. 

  

Flame OF phi AFT [K] 

1 
35% 

0.505 1670 

2 0.640 1940 

4 
50% 

0.333 1670 

5 0.420 1940 

7 
65% 

0.240 1670 

8 0.302 1940 

10 32.4% 
0.568 

1700 

11 37.7% 1900 

12 46.4% 
0.374 

1700 

13 53.5% 1900 

14 60.7% 
0.269 

1700 

15 69.4% 1900 
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Figure 17 Comparison of flame images for 55 degree and 45 degree swirler 
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Comparing each flame for both the swirler it is evident that 45° swirler produce taller and 

more stable flames compared to 55 ° swirler. Flame 10 and 12 show that for the same OF, 

phi and AFT as compared to 45° swirler, 55° swirler produce louder noise and stronger 

flames as it is close proximity of flashback. While 45° swirler flames are stable and less 

noisy and away from flashback limit. 

4.1.3 Dependence of Flame Macrostructure on AFT 

Flames 1, 3, 5 have different OF and phi φ but have a common AFT of ∼1670 K. These 

flames show common shape. Same way Flame 2, 4, 6 have a common shape due to having 

a common AFT of ∼1940 K while their OF and phi φ is different. This highlights the clear 

correlation between macrostructure of flame and reaction kinetics & AFT at constant bulk 

velocity at inlet and is in complete agreement with Shroll et al findings [21]. Figure 18 

illustrates the transition from IRZ to ORZ for 55° swirler combustor. We can see the 

transition happens very quick as the stable zone is narrower. 

 

Figure 18 Transition from IRZ to ORZ stabilization for 55 degree swirler combustor 
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Figure 19 illustrates the transition from IRZ to ORZ for 45 degree swirler combustor. We 

can see the transition happens comparatively slow as the stable zone is wider. 

 

Figure 19 Transition from IRZ to ORZ stabilization for 45 degree swirler combustor 

 

4.1.4 Characterization of Flame Temperature 

To learn more about the connection between AFT and the flame structure, flame 

temperature was monitored at several points inside the quartz confinement. In some cases, 

reference values for the numerical simulations of premixed turbulent reacting flows under 

conditions of oxy-combustion can be obtained from measurements of flame temperature. 
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Table 3 Test condition of Temperature Measurement 

Temperature-measurement matrix for 

55° swirler 

Flame OF phi AFT [K] 

1 35% 0.505 1670 

3 50% 0.333 1670 

5 65% 0.24 1670 

 

Local mean temperatures for flames 1, 3, and 5's operating conditions are listed in Table 3, 

and their subsequent flame forms are shown in figure 20. The axial distance, Z, was used 

to reference the temperature observations (inch). The exit plane of the burner divergent 

section, or the base of the quartz confinement, was given a bottom reference value of Z = 

0 inch, and the top value of Z = 30 cm/11.8 inch was given to the quartz confinement's 

departure plane. 

 

Figure 20 Images of flames 1,3, and 5 listed in Table 3 

 

The centerline axial temperature distribution of the chosen flames is shown in Figure 20 

from Z = 1.311 inch to Z = 11.811 inch above the flame structure. Since the AFT values of 

the two flames are remarkably comparable, identical tendencies may be seen in their 
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temperature profiles. Additionally, Table 3 shows that, even though the AFT of the two 

flames is about similar, the combination of and OF is very different. Additionally, flame 5 

has a slightly higher temperature than the others at practically every axial region, 

demonstrating that the calculated temperatures are marginally different from the theoretical 

AFT (see Figure 21). 

While experimenting with various flames, it was discovered that as the flame's AFT rises, 

so does the noise emanate from the quartz tube. Figure 20 demonstrates that AFT has a 

significant influence on flame shape because flames 1, 3, and 5 all have a similar flame 

shape. Although the OF & ϕ conditions of the two flames are very diverse, just a similar 

AFT causes the flame figures to resemble one another. These results support AFT's position 

as the primary determining factor of flame structure and stability. 

In summary, the axial temperature profile exhibits a consistent trend for different oxygen 

fractions and equivalence ratios in the 55-degree swirler configuration when targeting the 

same adiabatic flame temperature. This is due to the thermal equilibrium achieved at the 

desired temperature, similar combustion kinetics, and the efficient heat transfer effects 

within the flame. These factors result in a uniform temperature distribution along the axial 

direction, regardless of variations in oxygen fraction and equivalence ratio. 
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Figure 21 Axial centerline temperature distributions for flames 1, 3 and 5 

The kinetics of burning prevent flames from being regarded as slug flow reactors. For a 

better understanding of the flame structure, the radial temperature profiles of the various 

flames were also measured at a few axial points, Z = 9.8 inch, Z = 3.3 inch, Z = 2.8 inch, 

and Z = 2.3 inch. The findings are shown in Figures 22 and 23, respectively.  

Figure 22 depicts radially outward from the plume and toward the quartz tube wall 

locations with decreasing temperatures. The temperatures are higher axially downward 

towards the vicinity of flame core according to the figures 22-25. The two figures' 

temperature profiles hint at the flow field's two-dimensionality. Because the combustor has 

an inner recirculation zone (IRZ)., the maximum temperatures are not along the centerline 

of the combustor. With a reduction in axial distance, higher radial distances yield the 

highest temperatures. 
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Figures 24 and 25 both depict the highest temperature at radial distances of 0.6 to 0.8 inches 

and 0.8 to 1 inches, respectively. The discrepancy here suggests that there is a local IRZ of 

relatively bigger size near the burner's exit point, which subsequently gradually shrinks 

toward the downstream along the axial direction.  

 

Figure 22  Radial Temperature distribution for flames 1, 3, and 5 at Z=9.8 inch 

 

Figure 22 shows the radial temperature away from the centerline of the flame at a distance 

Z=9.8 inch from the burner base, and is the furthest downstream point measured, and shows 

significant difference in behavior for each flame, with the radial temperature distribution 

for flame 5 remaining nearly constant, whereas both flame 1 and flame 3 undergo great 

variation. The variation in flame 3 is particularly significant, as the temperature falls more 

than 10 degrees Celsius along the axial line, with a slight increase in temperature being 

observed at an axial distance of 0.5 inch. Temperature fall along the axial line is also 
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observed for flame 1, albeit the overall drop as measured from the centerline to the farthest 

point is much smaller. More significantly, the temperature increase at 0.5 inch is much 

larger, around 5 degrees Celsius.  

 

Figure 23 Radial temperature distributions for flames 1 , 4 and 7 at Z = 3.3 inch 

 

Unlike the downstream scenario, radial temperature variation at points nearer to the burner 

are observed to follow similar trends, albeit to different extents. Figure 23 shows the radial 

temperature distribution at a distance of 3.3 inch in axial direction from the burner base, 

and the flames are observed to behave similarly, with temperature increasing in the radial 

direction away from the centerline. However, the magnitude of the temperatures varies 

between the flames, with the flame 3 operating at a much lower range compared to flame 

1 and 5. Regardless, the overall temperature variation along the axis for each flame is 
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similar, 53 degree Celsius for flame 1, 37 degree Celsius for flame 3 and 43 degrees Celsius 

for flame 5. 

 

Figure 24 Radial temperature distributions for flames 1 , 3 and 5 at Z = 2.8 inch. 

 

Similar trends as described above are observed at Z=2.8 inches, with flame 4 once again 

operating at a lower range. The variation in centerline temperature between the flames is 

of note, with flame 1 being at 846 degree Celsius, flame 3 at 805 degree Celsius, and flame 

5 at 825 degree Celsius. Flame 1 and 5 are observed to reach near identical flame 

temperatures at the point farthest along the axis, around 910 degree Celsius, whereas the 

highest temperature measured for flame 3 is 866 degree Celsius at the farthest point along 

the measured axis. 
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Figure 25 Radial temperature distributions for flames 1 , 3 and 5 at Z = 2.3 inch 

 

For the axial line closest to the burner base, at Z= 2.3 inches, steep increase in temperature 

with increase in radial distance is observed, with flame 1 once again operating at the highest 

temperature range, and flame 3 at the lowest. The centerline variation is also similar to that 

observed at Z=2.8 inches, with flame 1 at 840 degree Celsius, flame 3 at 801 degree 

Celsius, and flame 5 at 810 degree Celsius. The magnitude of the temperature increase is 

however much larger at this lower axial distance, with an overall increase of 80 degree 

Celsius being observed for flame 1 and 3, and 125 degree Celsius for flame 5. 
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4.2 Simulation Results of CH4/O2/CO2 flames 

Table 4 shows the Oxy-methane cases simulated for various swirl angles with different 

OF and Equivalence ratio ϕ.  

Table 4 Oxy-methane cases to be simulated for various swirl angle.  

swirler Case Oxygen fraction Equivalence ratio ϕ 

55° 1 35% 0.568 

2 50% 0.374 

3 65% 0.269 

45° 4 35% 0.568 

5 50% 0.374 

6 65% 0.269 

 

4.2.1 Structure and Stability of CO2-diluted oxy-methane flames: Effect of 

Swirl 

 

 

Figure 26 Numerical (OH contour plots) and Experimental (images taken with high-speed camera) flame 

structure comparison for 55 degree and 45 degree swirler combustor 
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Figure 26 shows a comparative study for experimental and simulated results for flames in 

55 degree and 45 degree swirler combustor. It illustrates symmetry in between 

experimental and simulation flames. The figure shows the OH mole fraction contours for 

the cases under investigation. The flame was found to be longer and more characteristically 

V-shaped at a lower degree of swirl angle (45 degree). The flame length decreases, and the 

flame widens as the Swirl angle rises (to 55 degrees), as shown in the illustration. The 

flame characteristics of a burner, such as its length and compactness, can be influenced by 

the design of the swirler. The angle of the swirler determines the swirling flow pattern and 

subsequent flame behavior. In the case of a 45-degree swirler, the higher axial velocity and 

longer swirling flow pattern allows for a longer flame length. The broader flame shape 

results in a lower flame compactness or density, as the combustion zone is spread out over 

a larger area. On the other hand, a 55-degree swirler generates a shorter swirling flow 

pattern. This has lower axial velocity. As a result, the flame length is shorter. Additionally, 

the restricted swirling flow leads to a higher flame compactness, as the combustion zone is 

more concentrated within a smaller area.  

Therefore, the angle of the swirler plays a significant role in determining the flame length 

and compactness. When comparing a 45-degree swirler to a 55-degree swirler, the flame 

sheet thickness is generally larger with the 45-degree configuration. Because of lower 

power density. This is primarily because the broader swirling flow pattern of the 45-degree 

swirler promotes a larger and more dispersed flame shape. The wider distribution of the 

flame leads to a thicker flame sheet, representing the region where combustion reactions 

occur. In contrast, the narrower swirling flow pattern of the 55-degree swirler results in a 

more concentrated flame shape. The more confined combustion zone contributes to a 
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thinner flame sheet. Thus, the swirler angle influences the flame sheet thickness, with the 

45-degree swirler typically producing a thicker flame sheet compared to the 55-degree 

swirler. 

Table 5 Cases for Same OF and phi for different swirler: 

cases swirler OF phi 

1 55 degree 35% 0.640 

2 45 degree 35% 0.640 

3 55 degree 35% 0.568 

4 45 degree 35% 0.568 

5 55 degree 50% 0.374 

6 45 degree 50% 0.374 
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Figure 27  Numerical flame shapes of OH mole fraction at different swirler for same OF and phi. 

The contour of OH mole fractions numerically investigated for OF 35% & 50%;  𝜙 =

0.640, 0.568 & 0.374,  for 45° 𝑎𝑛𝑑 55° swirler. It is very clear from the figure that the 

flame becomes long and V shaped for 45° Swirler. As the swirl increases, the shape of the 

flame becomes wider and smaller. Figure 28 shows the velocity flow field mapped over 

temperature for OF=35% and 55%, 𝜙 =  0.640, 0.568 and 0.374 for the swirl angle 45° 

and 55°. For higher swirl angle, here 55 °, the eddy in IRZ is larger and this squeezed the 

outer ORZ. Moreover, the eddy in IRZ goes further downstream with decrease in swirl 

angle.  Therefore, it can be said that for lower the swirl angle, the in IRZ is more compact 

and squeezed.  
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Figure 28 The temperature contour is mapped over by the velocity flow field at different swirler for same OF 

and phi 
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4.2.2 Structure and Stability of CH4/O2/CO2 flames: Effect of equivalence 

ratio 

 

 
Figure 29  Mole fraction of OH for same swirler at 55  with different equivalence ratio 

 

Figure 29 signifies the behavior of the flame at same swirl angle, 55°and same OF =35% 

but different 𝜙 = 0.640 𝑎𝑛𝑑 0.568. While the equivalence ratio, 𝜙 decreases the flame 

becomes more V shaped. Furthermore, the length of the flame becomes sharper and more 

visible. In the other hand, the reverse phenomena happen while increasing the equivalence 

ratio. In addition, in this case, the flame become shorter and stronger which creates high 

noise.  
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Figure 30 The temperature contour is superimposed over by the velocity streamlines for different equivalence 

ratio at 35% OF with same swirler angle at 55  

Figure 30 illustrates velocity streamline mapped over Temperature at same swirl angle, 

55°and same OF =35% but different 𝜙 = 0.640 𝑎𝑛𝑑 0.568. In this situation, for high 

equivalence ratio, the flame temperature increases and flame becomes more compact. The 

stabilization of the flame switches from swirl stabilized to corner stabilized with a 

reduction in equivalency ratio. Figure 31 signifies the behavior of the flame at same swirl 

angle, 45°and same OF =35% but different 𝜙 = 0.640 𝑎𝑛𝑑 0.568.  

 

 

 
Figure 31 Mole fraction of OH for same swirler at 45 with different equivalence ratio 
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The flame becomes more V-shaped as the equivalence ratio reduces. Furthermore, the 

flame's length becomes sharper & more visible. When the equivalence ratio is increased, 

the opposite phenomenon occurs. Furthermore, in this case, the flame becomes shorter and 

stronger, producing a lot of noise. Previously, the same type of phenomena was 

experienced for 55° swirl. Figure 32 illustrates velocity streamline mapped over 

Temperature at same swirl angle, 55° and same OF =35% but different 𝜙 =

0.640 𝑎𝑛𝑑 0.568. As the equivalence ratio increases, the outer recirculation zone (ORZ) 

becomes stronger and the eddy in IRZ shifts further downstream this makes the flame 

shorter and compact.  

 

 

 

 

 

 
Figure 32 The temperature contour is superimposed over by the velocity streamlines for different equivalence 

ratio at 35% OF with same swirler angle at 45. 

 

  



67 

 

CHAPTER 5 

CONCLUSION 

- The combustion characteristics and stability map of premixed oxy-methane flames 

are investigated in this work for clean oxy-methane flexible combustion 

applications in gas turbines using a dry low emission (DLE) model combustor. 

- The blowout and flashback limits of the oxy-methane flame are indicative of its 

stability over equivalence ratios (ϕ) of 0.1 to 1.0 and oxygen fractions (OF: volume 

concentration of oxygen in the O2/CO2 oxidizer) of 25 to 70%. 

- Flame stabilization mechanism for example impact of swirl on flame stability is 

studied experimentally and simulation work is done for swirler with angles 45°, 

55°. 

- The results showed that the lower the angle the wider the stable zone.45° swirler 

has wider stable zone compared to 55° swirler. 

- Additionally, it was discovered that the blowout curve on the stability map follows 

a constant AFT shape while the flashback curve does not follow constant AFT.  

- There is very little change for blowout with swirler angle but the higher the angle 

the lower the flashback line. 45° swirler has higher value of flashback line 

compared to 55 ° swirler because of boundary layer induced early flashback.  

- The flame becomes long and V shaped for 45° Swirler. As the swirl increases, the 

shape of the flame becomes wider and smaller. It is because of the change of axial 
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velocity hence change in power density. The flame sheet in 45 degree swirler is 

thicker in comparison to 55 degree swirler because of low power density. 

- As the equivalence ratio (ϕ) increases, the outer recirculation zone (ORZ) becomes 

stronger and the eddy in IRZ shifts further downstream this makes the flame shorter 

and compact.    



69 

 

REFERENCES 

[1] A. Dai, T. Zhao, and J. Chen, “Climate Change and Drought: a Precipitation and 

Evaporation Perspective,” Curr. Clim. Chang. Reports, vol. 4, no. 3, pp. 301–312, 

2018. 

[2] S. Lawal, C. Lennard, and B. Hewitson, “Response of southern African vegetation 

to climate change at 1.5 and 2.0° global warming above the pre-industrial level,” 

Clim. Serv., vol. 16, no. April, p. 100134, 2019. 

[3] Y. Liu et al., “Impacts of 1.5 and 2.0°C global warming on rice production across 

China,” Agric. For. Meteorol., vol. 284, no. December 2019, p. 107900, 2020. 

[4] Q. Sun et al., “Global heat stress on health, wildfires, and agricultural crops under 

different levels of climate warming,” Environ. Int., vol. 128, no. November 2018, 

pp. 125–136, 2019. 

[5] S. Kanae, “Global warming and the water crisis,” J. Heal. Sci., vol. 55, no. 6, pp. 

860–864, 2009. 

[6] M. A. Bender et al., “Modeled impact of anthropogenic warming on the frequency 

of intense Atlantic hurricanes,” Science (80-. )., vol. 327, no. 5964, pp. 454–458, 

2010. 

[7] L. Bengtsson et al., “How may tropical cyclones change in a warmer climate?,” 

Tellus, Ser. A Dyn. Meteorol. Oceanogr., vol. 59 A, no. 4, pp. 539–561, 2007. 

[8] M. Cifrodelli, C. Corradini, R. Morbidelli, C. Saltalippi, and A. Flammini, “The 



70 

 

Influence of Climate Change on Heavy Rainfalls in Central Italy,” Procedia Earth 

Planet. Sci., vol. 15, pp. 694–701, 2015. 

[9] R. J. Nicholls and A. Cazenave, “Sea-level rise and its impact on coastal zones,” 

Science. 2010. 

[10] S. Rahmstorf, “A semi-empirical approach to projecting future sea-level rise,” 

Science (80-. )., 2007. 

[11] K. Zhang, B. C. Douglas, and S. P. Leatherman, “Global warming and coastal 

erosion,” Clim. Change, 2004. 

[12] UNFCCC. Conference of the Parties (COP), “Paris Climate Change Conference-

November 2015, COP 21,” 2015. 

[13] UNFCCC, “ADOPTION OF THE PARIS AGREEMENT: Proposal by the 

President to the United Nations Framework Convention on Climate Change,” Conf. 

Parties, 2015. 

[14] M. A. Habib, H. M. Badr, S. F. Ahmed, R. Ben-Mansour, K. Mezghani, S. 

Imashuku, G. J. la O’, Y. Shao-Horn, N. D. Mancini, A. Mitsos, P. Kirchen, A. F. 

Ghoneim, “A review of recent developments in carbon capture utilizing oxy-fuel 

combustion in conventional and ion transport membrane systems,” Int. J. ENERGY 

Res., vol. 35, pp. 741–764, 2010. 

[15] S. Nader, “Paths to a low-carbon economy-The Masdar example,” in Energy 

Procedia, 2009. 

[16] J. Goldemberg, “The promise of clean energy,” Energy Policy, vol. 34, no. 15, pp. 



71 

 

2185–2190, 2006. 

[17] L. Yildiz, “Fossil Fuels,” in Comprehensive Energy Systems, 2018. 

[18] “IPCC Fourth Assessment Report: Climate Change 2007(Geneva, Switzerland),” 

Clim. Chang. 2007, vol. vols. 1340, 2007. 

[19] T. Barker, I. Bashmakov, U. Cubasch, and O. Davidson, “Climate change 2001: 

synthesis report,” Choice Rev. Online, vol. 40, no. 08, pp. 40-4660-40–4660, 2003. 

[20] M. A. Nemitallah, A. Abdelhafez, and M. A. Habib, “Experimental and Numerical 

Investigations of Structure and Stability of Premixed Swirl-Stabilized CH4/O2/CO2 

Flames in a Model Gas Turbine Combustor,” Energy and Fuels, vol. 33, no. 3, pp. 

2526–2537, 2019. 

[21] M. Kanniche, R. Gros-Bonnivard, P. Jaud, J. Valle-Marcos, J. M. Amann, and C. 

Bouallou, “Pre-combustion, post-combustion and oxy-combustion in thermal power 

plant for CO2 capture,” Appl. Therm. Eng., vol. 30, no. 1, pp. 53–62, 2010. 

[22] J. Gibbins and H. Chalmers, “Carbon capture and storage,” Energy Policy, vol. 36, 

no. 12, pp. 4317–4322, 2008. 

[23] M. T. SANDER and C. L. MARIZ, “The Fluor Daniel® econamine FG process: 

Past experience and present day focus,” vol. 33, no. 5, pp. 341–348, 1992. 

[24] C. Descamps, C. Bouallou, and M. Kanniche, “Efficiency of an Integrated 

Gasification Combined Cycle (IGCC) power plant including CO2 removal,” 

Energy, vol. 33, no. 6, pp. 874–881, 2008. 



72 

 

[25] T. F. Wall, “Combustion processes for carbon capture,” Proc. Combust. Inst., vol. 

31 I, no. 1, pp. 31–47, 2007. 

[26] J. Davison, “Performance and costs of power plants with capture and storage of 

CO2,” Energy, vol. 32, no. 7, pp. 1163–1176, 2007. 

[27] M. Okawa, N. Kimura, T. Kiga, S. Takano, K. Arai, and M. Kato, “Trial design for 

a CO2 recovery power plant by burning pulverized coal in O2/CO2,” Energy 

Convers. Manag., vol. 38, no. SUPPL. 1, 1997. 

[28] D. Singh, E. Croiset, P. L. Douglas, and M. A. Douglas, “Techno-economic study 

of CO2 capture from an existing coal-fired power plant: MEA scrubbing vs. O2/CO2 

recycle combustion,” Energy Convers. Manag., vol. 44, no. 19, pp. 3073–3091, 

2003. 

[29] T. C. Williams, C. R. Shaddix, and R. W. Schefer, “Effect of syngas composition 

and CO2-diluted oxygen on performance of a premixed swirl-stabilized combustor,” 

Combust. Sci. Technol., vol. 180, no. 1, pp. 64–88, 2008. 

[30] M. Pehnt and J. Henkel, “Life cycle assessment of carbon dioxide capture and 

storage from lignite power plants,” Int. J. Greenh. Gas Control, vol. 3, no. 1, pp. 

49–66, 2009. 

[31] R. K. Varagani, F. Châtel-Pélage, P. Pranda, M. Rostam-Abadi, Y. Lu, and A. C. 

Bose, “Performance simulation and cost assessment of oxy-combustion process for 

CO2 capture from coal-fired power plants,” Fourth Annu. Conf. Carbon 

Sequestration, May, pp. 2–5, 2005. 



73 

 

[32] F. Châtel-Pélage et al., “Applications of oxygen for NOx control and CO2 capture 

in coal-fired power plants,” Therm. Sci., vol. 10, no. 3, pp. 119–142, 2006. 

[33] M. B. Toftegaard, J. Brix, P. A. Jensen, P. Glarborg, and A. D. Jensen, “Oxy-fuel 

combustion of solid fuels,” Prog. Energy Combust. Sci., vol. 36, no. 5, pp. 581–625, 

2010. 

[34] B. Metz, O. Davidson, H. de Coninck, M. Loos, and L. Meyer, “IPCC Special 

Report on Carbon Dioxide Capture and Storage. Cambridge University Press, 

Cambridge, UK,” 2005. 

[35] D. A. Granados, F. Chejne, and J. M. Mejía, “Oxy-fuel combustion as an alternative 

for increasing lime production in rotary kilns,” Appl. Energy, vol. 158, pp. 107–117, 

2015. 

[36] M. A. Habib et al., “Experimental analysis of oxygen-methane combustion inside a 

gas turbine reactor under various operating conditions,” Energy, vol. 86, pp. 105–

114, 2015. 

[37] M. A. Nemitallah, A. A. Abdelhafez, A. Ali, I. Mansir, and M. A. Habib, “Frontiers 

in combustion techniques and burner designs for emissions control and CO2 

capture: A review,” Int. J. Energy Res., vol. 43, no. 14, pp. 7790–7822, 2019. 

[38] M. A. Nemitallah, “A study of methane oxy-combustion characteristics inside a 

modified design button-cell membrane reactor utilizing a modified oxygen 

permeation model for reacting flows,” J. Nat. Gas Sci. Eng., vol. 28, pp. 61–73, 

2016. 



74 

 

[39] M. A. Nemitallah, M. A. Habib, and K. Mezghani, “Experimental and numerical 

study of oxygen separation and oxy-combustion characteristics inside a button-cell 

LNO-ITM reactor,” Energy, vol. 84, pp. 600–611, 2015. 

[40] M. A. Habib, S. A. Salaudeen, M. A. Nemitallah, R. Ben-Mansour, and E. M. A. 

Mokheimer, “Numerical investigation of syngas oxy-combustion inside a LSCF-

6428 oxygen transport membrane reactor,” Energy, vol. 96, pp. 654–665, 2016. 

[41] S. Taamallah, K. Vogiatzaki, F. M. Alzahrani, E. M. A. Mokheimer, M. A. Habib, 

and A. F. Ghoniem, “Fuel flexibility, stability and emissions in premixed hydrogen-

rich gas turbine combustion: Technology, fundamentals, and numerical 

simulations,” Appl. Energy, vol. 154, pp. 1020–1047, 2015. 

[42] D. M. Wicksall, A. K. Agrawal, R. W. Schefer, and J. O. Keller, “The interaction of 

flame and flow field in a lean premixed swirl-stabilized combustor operated on 

H2/CH4/air,” Proc. Combust. Inst., vol. 30 II, no. 2, pp. 2875–2883, 2005. 

[43] S. . Rashwan, A. . Ibrahim, and T. . Abou-Arab, “Experimental investigation of oxy-

fuel combustion of CNG flames stabilized over a perforated plate burner,” 18th 

IFRF members Conf. -Flexible Clean Fuel Convers. to Ind. Freising, Ger., no. June, 

p. 25, 2015. 

[44] I. A. Ramadan, A. H. Ibrahim, T. W. Abou-Arab, S. S. Rashwan, M. A. Nemitallah, 

and M. A. Habib, “Effects of oxidizer flexibility and bluff-body blockage ratio on 

flammability limits of diffusion flames,” Appl. Energy, vol. 178, pp. 19–28, 2016. 

[45] W. Jerzak and M. Kuźnia, “Experimental study of impact of swirl number as well 



75 

 

as oxygen and carbon dioxide content in natural gas combustion air on flame 

flashback and blow-off,” J. Nat. Gas Sci. Eng., vol. 29, pp. 46–54, 2016. 

[46] B. Shi, Z. Zhu, N. Wang, P. Lu, and S. Ishizuka, “An Experimental Study on Oxy-

fuel Combustion of Methane under Various Oxygen Mole Fractions,” 8th Int. Symp. 

Coal Combust., no. July, 2015. 

[47] Y. Xie, J. Wang, M. Zhang, J. Gong, W. Jin, and Z. Huang, “Experimental and 

numerical study on laminar flame characteristics of methane oxy-fuel mixtures 

highly diluted with CO2,” Energy and Fuels, vol. 27, no. 10, pp. 6231–6237, 2013. 

[48] P. H. Joo, M. R. J. Charest, C. P. T. Groth, and Ö. L. Gülder, “Comparison of 

structures of laminar methane-oxygen and methane-air diffusion flames from 

atmospheric to 60atm,” Combust. Flame, vol. 160, no. 10, pp. 1990–1998, 2013. 

[49] M. Ditaranto, R. Anantharaman, and T. Weydahl, “Performance and NOx emissions 

of refinery fired heaters retrofitted to hydrogen combustion,” Energy Procedia, vol. 

37, no. December, pp. 7214–7220, 2013. 

[50] M. Ditaranto and J. Hals, “Combustion instabilities in sudden expansion oxy-fuel 

flames,” Combust. Flame, vol. 146, no. 3, pp. 493–512, 2006. 

[51] M. Aliyu, M. A. Nemitallah, S. A. Said, and M. A. Habib, “Characteristics of H2-

enriched CH4-O2 diffusion flames in a swirl-stabilized gas turbine combustor: 

Experimental and numerical study,” Int. J. Hydrogen Energy, vol. 41, no. 44, pp. 

20418–20432, 2016. 

[52] A. Lacarelle, J. P. Moeck, H. J. Konle, S. Vey, C. N. Nayeri, and C. O. Paschereit, 



76 

 

“Effect of fuel/air mixing on NOx emissions and stability in a gas premixed 

combustion system,” Collect. Tech. Pap. - 45th AIAA Aerosp. Sci. Meet., vol. 24, 

no. January, pp. 16716–16729, 2007. 

[53] N. A. Bunce, B. D. Quay, and D. A. Santavicca, “Interaction Between Swirl Number 

Fluctuations and Vortex Shedding in a Single-Nozzle, Turbulent, Swirling, Fully-

Premixed Combustor.” 03-Jun-2013. 

[54] T. Lieuwen and J. H. Cho, “Coherent acoustic wave amplification/damping by 

wrinkled flames,” J. Sound Vib., vol. 279, no. 3–5, pp. 669–686, 2005. 

[55] Y. Huang and A. Ratner, “Experimental investigation of thermoacoustic coupling 

for low-swirl lean premixed flames,” J. Propuls. Power, vol. 25, no. 2, pp. 365–373, 

2009. 

[56] M. Emadi, K. Kaufman, M. W. Burkhalter, T. Salameh, T. Gentry, and A. Ratner, 

“Examination of thermo-acoustic instability in a low swirl burner,” Int. J. Hydrogen 

Energy, vol. 40, no. 39, pp. 13594–13603, 2015. 

[57] R. W. Hart and F. T. McClure, “Theory of acoustic instability in solid-propellant 

rocket combustion,” Symp. Combust., vol. 10, no. 1, pp. 1047–1065, 1965. 

[58] L. Crocco, “Research on combustion instability in liquid propellant rockets,” Symp. 

Combust., vol. 12, no. 1, pp. 85–99, 1969. 

[59] W. M. Marshall, S. Pal, R. D. Woodward, and R. J. Santoro, “Combustion instability 

studies using gaseous methane and liquid oxygen,” Collect. Tech. Pap. - 

AIAA/ASME/SAE/ASEE 42nd Jt. Propuls. Conf., vol. 3, no. July, pp. 2185–2193, 



77 

 

2006. 

[60] G. Sutton and O. Biblarz, Rocket propulsion elements. 2001. 

[61] S. Candel, “Combustion dynamics and control: Progress and challenges,” Proc. 

Combust. Inst., vol. 29, no. 1, pp. 1–28, 2002. 

[62] J. M. Wicker, W. D. Greene, S. I. Kim, and V. Yang, “Triggering of longitudinal 

combustion instabilities in rocket motors: Nonlinear combustion response,” J. 

Propuls. Power, vol. 12, no. 6, pp. 1148–1158, 1996. 

[63] Y. Huang and V. Yang, “Dynamics and stability of lean-premixed swirl-stabilized 

combustion,” Prog. Energy Combust. Sci., vol. 35, no. 4, pp. 293–364, 2009. 

[64] T. C. Lieuwen and V. Yang, Combustion instabilities in gas turbine engines: 

operational experience, fundamental mechanisms and modeling, vol. 210, no. 3. 

2005. 

[65] W. A. Sirignano and F. Liu, “Performance increases for gas-turbine engines through 

combustion inside the turbine,” J. Propuls. Power, vol. 15, no. 1, pp. 111–118, 1999. 

[66] C. Stone and S. Menon, “Swirl control of combustion instabilities in a gas turbine 

combustor,” Proc. Combust. Inst., vol. 29, no. 1, pp. 155–160, 2002. 

[67] K. K. Venkataraman, L. H. Preston, D. W. Simons, B. J. Lee, J. G. Lee, and D. A. 

Santavicca, “Mechanism of combustion instability in a lean premixed dump 

combustor,” J. Propuls. Power, vol. 15, no. 6, pp. 909–918, 1999. 

[68] H. Murat Altay, R. L. Speth, D. E. Hudgins, and A. F. Ghoniem, “The impact of 



78 

 

equivalence ratio oscillations on combustion dynamics in a backward-facing step 

combustor,” Combust. Flame, vol. 156, no. 11, pp. 2106–2116, 2009. 

[69] K. R. Sreenivasan and S. Raghu, “The control of combustion instability: A 

perspective,” Curr. Sci., vol. 79, no. 6, pp. 867–883, 2000. 

[70] S. S. Rashwan, M. A. Nemitallah, and M. A. Habib, “Review on Premixed 

Combustion Technology: Stability, Emission Control, Applications, and Numerical 

Case Study,” Energy and Fuels, vol. 30, no. 12, pp. 9981–10014, 2016. 

[71] L. Li, Z. Guo, C. Zhang, and X. Sun, “A passive method to control combustion 

instabilities with perforated liner,” Chinese J. Aeronaut., vol. 23, no. 6, pp. 623–

630, 2010. 

[72] K. S. Alne, “Reduction of NOx Emissions from the Gas Turbines for Skarv Idun,” 

Dep. Energy Process Eng., vol. MSc., no. June, 2007. 

[73] M. A. Nemitallah, S. S. Rashwan, I. B. Mansir, A. A. Abdelhafez, and M. A. Habib, 

“Review of Novel Combustion Techniques for Clean Power Production in Gas 

Turbines,” Energy and Fuels, vol. 32, no. 2, pp. 979–1004, 2018. 

[74] M. P. Boyce, Boyce, Meherwan P. - Gas Turbine Engineering Handbook-Elsevier, 

4th ed. ELSEVIER. 

[75] Schorr Marvin. M.; Chalfin Joel., “Gas Turbine NOx Emissions Approaching Zero- 

Is it Worth the Price?,” GE Power Gener., vol. GER, no. 4172, pp. 1–10, 1999. 

[76] A. H. Lefebvre and D. R. Ballal, Gas turbine combustion: alternative fuels and 

emissions, 3rd ed. CRC press, 2010. 



79 

 

[77] L. B. Davis and S. H. Black, “Dry low NOx combustion systems for GE heavy‐duty 

gas turbines.,” ASME 1996 Int. Gas Turbine Aeroengine Congr. Exhib. (pp. 

V003T06A003‐ V003T06A003). Am Soc Mech Eng. 

[78] M. Zajadatz, D. Pennell, S. Bernero, B. Paikert, R. Zoli, and K. Do¨bbeling, 

“Development and Implementation of the Advanced Environmental Burner for the 

Alstom GT13E2,” J Eng Gas Turbines Power., vol. 135(6):061, 2013. 

[79] K. Döbbeling, J. Hellat, and H. Koch, “25 Years of BBC/ABB/Alstom Lean Premix 

Combustion Technologies,” J Eng Gas Turbines Power., vol. ;129(1), p. 2‐12., 

2007. 

[80] M. Zajadatz, R. Lachner, S. Bernero, C. Motz, and P. Flohr, “DEVELOPMENT 

AND DESIGN OF ALSTOM’S STAGED FUEL GAS INJECTION EV BURNER 

FOR NOX REDUCTION,” Proc. ASME Turbo Expo 2007 Power Land, Sea Air, 

May 14‐17, 2007, Montr. Canada, 2007., 2007. 

[81] S. Leibovich, “Vortex stability and breakdown, survey and extension.,” AIAA J., vol. 

22(9), no. 9, pp. 1192–1206. 

[82] M. Escudier, “VORTEX BREAKDOWN: OBSERVATIONS AND 

EXPLANATIONS,” vol. 25, pp. 189–229, 1988. 

[83] J. Blouch, H. Li, M. Mueller, and R. Hook, “Fuel Flexibility in LM2500 and 

LM6000 Dry Low Emission Engines,” J Eng Gas Turbines Power., vol. 134, no. 

May, pp. 1–6, 2012. 

[84] M. R. Bothien, D. A. Pennell, M. Zajadatz, and K. Döbbeling, “ON KEY 



80 

 

FEATURES OF THE AEV BURNER ENGINE IMPLEMENTATION FOR 

OPERATIONAL FLEXIBILITY,” ASME Turbo Expo. 2013;, vol. GT2013‐GT9, 

no. June 3-7, 2013. 

[85] D. Eckardt, Gas Turbine Powerhouse: The Development of the Power Generation 

Gas Turbine at BBC‐ABB‐ALSTOM, 2nd editio. 2014. 

[86] C. Marchmont and S. Florjancic, “ALSTOM GAS TURBINE TECHNOLOGY 

TRENDS,” ASME Turbo Expo., no. June 11-15, p. 587‐598., 2012. 

[87] T. Sattelmayer, M. P. Felchlin, J. Haumann, J. Hellat, and D. Styner, “Second-

Generation Low-Emission Combustors for ABB Gas Turbines : Burner 

Development and Tests at Atmospheric Pressure,” J Eng Gas Turbines Power., vol. 

114, no. January 1992, p. 118‐125., 1992. 

[88] M. Aigner, A. Mayer, P. Schiessel, and W. Strittmatter, “Second-generation low-

emission combustors for ABB gas turbines: Tests Under full-engine conditions,” in 

Proceedings of the ASME Turbo Expo, 1990, vol. 5. 

[89] C. O. Paschereit et al., “Combustion control by extended EV burner fuel lance,” in 

American Society of Mechanical Engineers, International Gas Turbine Institute, 

Turbo Expo (Publication) IGTI, 2002, vol. 1, no. November 2014, pp. 721–730. 

[90] C. H. Cho, G. M. Baek, C. H. Sohn, J. H. Cho, and H. S. Kim, “A numerical 

approach to reduction of NOx emission from swirl premix burner in a gas turbine 

combustor,” Appl. Therm. Eng., vol. 59, no. 1–2, pp. 454–463, 2013. 

[91] T. Wind, F. Güthe, and K. Syed, “Co-firing of hydrogen and natural gases in lean 



81 

 

premixed conventional and reheat burners (Alstom GT26),” Proc. ASME Turbo 

Expo, vol. 4A, no. June, 2014. 

[92] R. L. Speth, H. M. Altay, and A. F. Ghoniem, “DYNAMICS AND STABILITY 

LIMITS OF SYNGAS COMBUSTION IN A BACKWARD-FACING STEP 

COMBUSTOR,” ASME Turbo Expo 2007 Power Land, Sea, Air.Conference Spons. 

Int. Gas Turbine Institute. Montr. Canada, no. May 14-17, 2007. 

[93] P. Kutne, B. K. Kapadia, W. Meier, and M. Aigner, “Experimental analysis of the 

combustion behaviour of oxyfuel flames in a gas turbine model combustor,” Proc. 

Combust. Inst., vol. 33, no. 2, pp. 3383–3390, 2011. 

[94] Y. Song, C. Zou, Y. He, and C. Zheng, “The chemical mechanism of the effect of 

CO2 on the temperature in methane oxy-fuel combustion,” Int. J. Heat Mass Transf., 

vol. 86, pp. 622–628, 2015. 

[95] M. A. Nemitallah and M. A. Habib, “Experimental and numerical investigations of 

an atmospheric diffusion oxy-combustion flame in a gas turbine model combustor,” 

Appl. Energy, vol. 111, pp. 401–415, 2013. 

[96] H. Watanabe, S. J. Shanbhogue, S. Taamallah, N. W. Chakroun, and A. F. Ghoniem, 

“The structure of swirl-stabilized turbulent premixed CH4/air and CH4/O2/CO2 

flames and mechanisms of intense burning of oxy-flames,” Combust. Flame, vol. 

174, pp. 111–119, 2016. 

[97] S. S. Rashwan, A. H. Ibrahim, T. W. Abou-arab, M. A. Nemitallah, and M. A. 

Habib, “Experimental study of atmospheric partially premixed oxy-combustion 



82 

 

flames anchored over a perforated plate burner,” Energy, vol. 122, pp. 159–167, 

2017. 

[98] A. Abdelhafez, M. A. Nemitallah, S. S. Rashwan, and M. A. Habib, “Adiabatic 

Flame Temperature for Controlling the Macrostructures and Stabilization Modes of 

Premixed Methane Flames in a Model Gas-Turbine Combustor,” Energy & Fuels, 

vol. 32, no. 7, pp. 7868–7877, Jul. 2018. 

[99] S. S. Rashwan, A. H. Ibrahim, T. W. Abou-arab, M. A. Nemitallah, and M. A. 

Habib, “Experimental investigation of partially premixed methane–air and 

methane–oxygen flames stabilized over a perforated-plate burner,” Appl. Energy, 

vol. 169, pp. 126–137, 2016. 

[100] S. Hoffmann, G. Weber, H. Judith, J. Hermann, and A. Orthmann, “Application of 

Active Combustion Control to Siemens Heavy Duty Gas Turbines,” Gas Turbine 

Engine Combust. Emiss. Altern. Fuels, no. October, pp. 40.1-40.13, 1999. 

[101] S. Kokanović, G. Guidati, S. Torchalla, and B. Schuermans, “ACTIVE 

COMBUSTION CONTROL SYSTEM FOR REDUCTION OF NOX AND 

PULSATION LEVELS IN GAS TURBINES,” ASME Turbo Expo 2006 Power 

Land, Sea Air, no. May 8-11, pp. 1–10, 2006. 

[102] A. Lacarelle, L. Matho, and C. O. Paschereit, “Scalar mixing enhancement in a swirl 

stabilized combustor trough Passive and active injection control,” 48th AIAA 

Aerosp. Sci. Meet. Incl. New Horizons Forum Aerosp. Expo., no. January, 2010. 

[103] A. Lacarelle and C. O. Paschereit, “Increasing the passive scalar mixing quality of 



83 

 

jets in crossflow with fluidics actuators,” J. Eng. Gas Turbines Power, vol. 134, no. 

2, pp. 1–7, 2012. 

[104] W. S. Estefanos, “Effects of the Fuel-Air Mixing on Combustion Instabilities and 

NOx Emissions in Lean Premixed Combustion,” 2016. 

[105] R. Porter, F. Liu, M. Pourkashanian, A. Williams, and D. Smith, “Evaluation of 

solution methods for radiative heat transfer in gaseous oxy-fuel combustion 

environments,” J. Quant. Spectrosc. Radiat. Transf., vol. 111, no. 14, p. 2084−2094, 

2010. 

[106] R. Johansson, B. Leckner, K. Andersson, and F. Johnsson, “Account for variations 

in the H2O to CO2 molar ratio when modelling gaseous radiative heat transfer with 

the weighted-sum-of-grey-gases model,” Combust. Flame, vol. 158, no. 5, pp. 893–

901, 2011. 

[107] “Ansys Fluent Theory Guide,” ANSYS Inc., 2011. 

[108] J. Göttgens, F. Mauss, and N. Peters, “Analytic approximations of burning velocities 

and flame thicknesses of lean hydrogen, methane, ethylene, ethane, acetylene, and 

propane flames,” Symp. Combust., vol. 24, no. 1, pp. 129–135, Jan. 1992. 

[109] E. K. I. J. Salem, “Numerical simulations of premixed flames of multi component 

fuels/air mixture and their applications,” University of Kentucky, 2018. 

[110] A. Ali, M. A. Nemitallah, A. Abdelhafez, M. Hussain, M. M. Kamal, and M. A. 

Habib, “Comparative analysis of the stability and structure of premixed 

C3H8/O2/CO2 and C3H8/O2/N2 flames for clean flexible energy production,” 



84 

 

Energy, vol. 214, no. 118887, pp. 1–10, Jan. 2021. 

[111] M. Hussain, A. Abdelhafez, M. A. Nemitallah, A. A. Araoye, R. Ben-Mansour, and 

M. A. Habib, “A highly diluted oxy-fuel micromixer combustor with hydrogen 

enrichment for enhancing turndown in gas turbines,” Appl. Energy, vol. 279, no. 

115818, pp. 1–11, 2020. 

[112] E. Sugawara and H. Nikaido, “Properties of AdeABC and AdeIJK efflux systems of 

Acinetobacter baumannii compared with those of the AcrAB-TolC system of 

Escherichia coli,” Antimicrob. Agents Chemother., vol. 58, no. 12, pp. 7250–7257, 

2014. 

[113] M. Nozari, S. Tabejamaat, H. Sadeghizade, and M. Aghayari, “Experimental 

investigation of the effect of gaseous fuel injector geometry on the pollutant 

formation and thermal characteristics of a micro gas turbine combustor,” Energy, 

vol. 235, no. x, p. 121372, 2021. 

[114] A. Ali, M. A. Nemitallah, A. Abdelhafez, I. G. Alsakhawy, M. M. Kamal, and M. 

A. Habib, “Static Stability and Combustion Characteristics of Oxy-Propane Flames 

in a Premixed Fuel-Flexible Swirl Combustor,” Energy and Fuels, vol. 33, no. 11, 

pp. 11996–12007, Nov. 2019. 

[115] X. Liu, H. Zheng, J. Yang, and Y. Li, “LES-PDF modeling of blowout analysis in 

slit bluff-body stabilized flames,” Int. J. Spray Combust. Dyn., vol. 7, no. 2, p. 

131−150, 2015. 

[116] R. Mercier et al., “Experimental and numerical investigation of the influence of 



85 

 

thermal boundary conditions on premixed swirling flame stabilization,” Combust. 

Flame, vol. 171, pp. 42–58, Sep. 2016. 

[117] M. Stöllinger and S. Heinz, “PDF modeling and simulation of premixed turbulent 

combustion,” Monte Carlo Methods Appl., vol. 14, no. 4, p. 343−377, 2008. 

[118] M. A. Nemitallah, B. Imteyaz, A. Abdelhafez, and M. A. Habib, “Experimental and 

computational study on stability characteristics of hydrogen-enriched oxy-methane 

premixed flames,” Appl. Energy, vol. 250, pp. 433–443, 2019. 

[119] A. Ali, M. A. Nemitallah, A. Abdelhafez, B. Imteyaz, M. M. Kamal, and M. A. 

Habib, “Numerical and experimental study of swirl premixed CH4/H2/O2/CO2 

flames for controlled-emissions gas turbines,” Int. J. Hydrogen Energy, vol. 45, no. 

53, p. 29616−29629, 2020. 

 

 

 

 

 

 

 



86 

 

VITAE 

Name    :Shorab Hossain 

Nationality   :Bangladeshi 

Date of Birth   :11/5/1993 

 Email    :munnashorab1993@gmail.com 

Address   :Building 819, room 213, Academic Belt Road, KFUPM 

Academic Background :M.Sc. in Mechanical Engineering   

     December 2022 

     King Fahd University of Petroleum and Minerals,  

     Dhahran-31261, Saudi Arabia  

 

B.Sc. in Mechanical Engineering   

                                                  Islamic University of Technology, Gazipur, Bangladesh  


