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Abstract: The present paper is directed to study aviation fuel combustion compared to that of 

natural gas in a gas turbine swirl Combustor. Finite-volume based CFD commercial package 

ANSYS Fluent 12 is used for the present investigation. The SST k-ω model is used to 

simulate turbulence. The non-premixed combustion model is used to simulate the reacting 

flow. Combustion of natural gas is sooty in nature. Thus, soot distribution in the combustor is 

investigated numerically using the two step soot model. Simple expressions for the soot 

formation and oxidation rates were employed. The radiation heat transfer equation was solved 

using the P-1 radiation model. The formation of thermal NO from molecular nitrogen was 

modeled and the prompt NO was also included in the computations. CFD modeling is 

validated against experimental temperature measurements for a swirl combustor when firing 

natural gas as referred to a previous paper. Using the SST-K-ω for predicting gas temperature 

distributions satisfy reasonable agreement with the experimental temperature measurements, 

except near the combustor upstream and in the vicinity of the combustor axis.  

 

Keywords: Compressed natural gas, Aviation fuel, Gas Turbine Combustor, Temperature 
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Nomenclature  

A/F Primary air to fuel mass ratio RZ Recirculation Zone 

S Swirl Number RFZ Reverse Flow Zone 

L Combustor Length r/R Dimensionless Radial Distance 

D Combustor Diameter x/D Dimensionless Axial Distance 
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1-Introduction: 

A gas turbine is one of the most reliable devices for power generation and aircraft 

applications. Gas turbine combustors are responsible for the combustion process that provides 

energy to the turbine section. Challenges facing the combustor design are related to its wall 

cooling, flame stability and emissions control. These features determine the gas turbine 

operational range, durability, cost and emissions characteristics [1,2]. The combustion process 

within a gas turbine engine is a complex interaction between flow aerodynamics, chemical 

kinetics, and air-fuel mixing. Each of these processes plays an essential role in the combustor 

design and has been studied extensively over years. Comprehensive previous works regarding 

the flow aerodynamics, the combustion process, fuels used in gas turbines are provided. 

Natural Gas is a naturally occurring mixture consisting mainly of methane. The average 

heating value will depend on the mixtures supplies, and therefore can vary from the typical 

values [3]. Natural gas has been increasingly used as a fuel such as in gas turbines for power 

generation and in natural gas vehicles (NGVs) as an alternative fuel. However, significant 

amounts of pollutant emissions in gas turbine applications, particularly NOx and unburned 

methane, can be pointed out as the major drawbacks of its utilization [4]. Aviation fuels are 

used for powering aircraft engines where there are two main grades of aviation fuels in use in 

aviation field: Jet A and Jet A-1, both are kerosene type fuels [5,6].  

Many studies review using CFD analysis in gas turbine combustors used in power generation, 

aero-engines and combustion industries [7-11]. New computational methods are developed 

for solving problems in different engineering fields. One of these fields is gas turbines where 

the challenge is to increase gas turbine efficiency and to reduce pollutant emissions. 

Combustion chambers in gas turbines need to be improved for this reason. Therefore, many 

experimental and numerical methods are performed to optimize the gas turbine combustion 

chamber design.  

Pollutant emissions from gas turbines have been of great concern for several decades. NOx 

from aircraft engines emits directly to the upper atmosphere layers which contributes to 

depletion of ozone layer [12]. New fuels are considered as alternative to petroleum based 

fuels. Some other fuels are preferred to mix with petroleum fuels, because its properties are 

closer to those of the latter. Studies of the effect of mixtures of Jet-A and other fuels on 

emission characteristics of a gas turbine combustion are performed by Mendez et al. Butanol 

from 25% to 75% by volume, were mixed with jet-a and used as an alternative fuel. Specific 

fuel consumption, turbine inlet temperature, exhaust gas temperature, and emission 

characteristics were investigated. NOx and CO emission were lowered for butanol-blends 

compared to those with Jet-A [13-18].  

All methods of emissions reduction is a “trade-off” between CO and UHC on one side and 

NOx on the other side [19]. The majority of NOx emissions are generated in the highest 

temperature regions within the combustor taking place in the primary zone before gases  

diluted [20]. Technologies have been developed to decrease these pollutant emissions 

simultaneously, the key of which is to avoid stoichiometric reactions, to operate at 

temperatures sufficient for CO oxidation but does not enhance NOx zone [21, 22].  

 

Flow aerodynamics plays a vital role in design and performance of gas turbine Engines. Good 

mixing is essential for high burning rates and minimizing pollutant emissions. Obtaining a 

satisfactory temperature distribution in the exhaust is very dependent on mixing [22]. 

Introducing a swirl flow in gas turbine engine proved a promising way in reducing emissions. 

[ 22-22 ]. Different methods that generate swirl are to impart a tangential or azimuthal velocity 

component to the flow. The degree of swirl can be characterized by a parameter called the 

swirl number (S), which is defined as the ratio of the axial flux of angular momentum to the 
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axial flux of axial momentum times the exit radius [22]. When swirl number is increased, a 

strong coupling develops between the axial and tangential velocity components. A point is 

reached when the adverse pressure gradient along the jet axis cannot be further overcome by 

the kinetic energy of the fluid particles in the axial direction, and a reverse flow zone is 

formed in the central portion of the jet [27, 28].  

 

Chigier and Chervinsky [29] found that the reverse flow zone is formed beyond a swirl 

number ˃ 0.6. Tangirala et al [30] studied the effect of swirl number variations and showed 

that increasing the swirl improves mixing and flame stability for swirl numbers up to 1.0. 

Further increase in swirl reduced turbulence levels and flame stability. The recommended 

swirl number falls in the range of 0.6 up to 1.0. In combustion, the gas axial velocity is higher 

compared to the isothermal case due to the gas expansion [23]. Also, the strength of the 

recirculation zone is for the reacting case, and the overall length of the recirculation zone is 

shorter compared to the non-reacting case [22, 33]. 

 

Air Pollutants become a concern, especially NOx due to its contribution to smog, acid rain, 

and depletion of ozone layer. The main sources of nitric oxide emissions in combustion are: 

1-Oxidation of molecular nitrogen via the thermal NO mechanism 2-Formation of NO via the 

prompt mechanism and 3-Oxidation of nitrogen-containing compounds in the fuel via the 

fuel-bound NO mechanism. These sources depend on operating conditions and the fuel types 

[34].   

 

Kenbar et al [35] reported that increased swirl produced locally higher NOx concentrations 

within the central recirculation zone but it did not contribute significantly to overall NOx 

emissions. Chen and Driscoll [36] reported that increasing the swirl intensity does not 

significantly affect NOx. Schmittel at al [37], using natural gas diffusion flames with found 

that NOx emissions decreased significantly with increasing the swirl number. This is due to a 

higher recirculated mass flow rate through the recirculation zone which led to decreasing the 

residence time within that zone with increasing the swirl number and so NOx is reduced. 

Mellor et al [38] measured the temperature and species within a combustor using liquid 

propane at an overall equivalence ratio of 0.217. They observed that high NOx concentrations 

were found along the centerline in the region thought to be within the recirculation zone.  

Claypole, et al [39] studied the influence of swirl levels on the aerodynamics and NOx 

emissions using natural gas with 10% excess air. They concluded that the recirculation zone, 

despite its long residence time and moderate temperatures, did not contribute to NOx.  

 

One concern to a gas turbine combustor is to minimize CO levels. Significant amount of CO 

is produced due to lack of oxygen or due to dissociation of CO2 in fuel-lean combustion, or 

due to low combustion temperature in lean-fuel reacting flow cases. Usually, in gas turbine 

combustion, CO   increases rapidly in the flame zone to a maximum value, followed by a 

slower decrease toward the equilibrium concentration. Correa [40] pointed out that carbon 

monoxide produced in the flame stabilization zone can survive the flame and must be 

oxidized in the turbulent post-flame gas, introducing a much greater dependence on 

aerodynamics than is the case for NO, (in lean premixed flames). He also referred that the 

reason for CO emissions to increase within the flame stabilization zone because CH species 

react much more rapidly than CO with oxidizing radicals. Thus CO cannot be oxidized until 

the gas exits the stabilization region and the CH levels drop.  

 

Baulch and Drysdale [41] evaluated the reaction rate of this mechanism and concluded that 

this reaction path is important in combustion systems where it acts as the principle source of 

CO2 and plays a major role in determining the yield of CO. Bowman [42] cited that for 

temperatures below 1000 K, the reaction rate constant (k) is independent of temperature. 
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However, at higher temperatures in excess of 1500 K, the rate coefficient k exhibits 

significant temperature dependence. Correa referred that the rate of CO oxidation is reduced 

by more than two orders of magnitude between flame-like (1800K) and combustor liner-like 

(1100-1200K) temperatures. An alternative reaction path that might have significance on CO 

oxidation at lower temperatures (1000-1500 K) was suggested by Westenberg and de Ha [43].  

 

Natural gas has been used as an alternative to petroleum fuels to reduce their consumption and 

to prolong their life and as potential for reducing exhaust emissions. It has the ability of 

reducing exhaust green gas emissions. It is also used for safety handling and secured 

operations than that of using petroleum fuels. From previous literature it is clear that 

researches about aviation fuel combustion are not enough. Also the shortage in production of 

petroleum based fuels is increasing which stimulate the study of alternative fuel and fuel 

mixtures. Therefore, the present paper is directed to study the effect of natural gas and jet-A 

mixtures on combustion characteristics in aircraft gas turbines.  

 

Different ratios of natural gas (mainly methane) to jet-A aviation fuel are used. The study is 

started using natural gas only and then jet-A fuel. Then the study was extended to use 10% 

methane up to 75% and then results are compared with the 100 methane. The total air to fuel 

ratio in the gas turbine combustor may exceed 100. Air entering the combustor is divided into 

two streams, primary air (combustion air) and secondary air (20% of total air). The present 

study is concerned about combustion air and the effect of secondary air is not considered 

since the combustor used is water cooled. In this study primary air to fuel ratio is about of 40 

which results in appropriate flame size for the model combustor.  

 

2-CFD Modeling 

This paper is directed to investigate numerically combustion characteristics of aviation and 

natural gas fuels in a gas turbine combustor. The present study is started to investigate the 

effect of swirl number on the cold flow field in the combustor (Axial velocity distributions 

and the RFZ). Then the effect of swirl number on flme sharacteristics in terms of temperature 

maps will is investigated using natural gas fuel. Finally the investigation will be extended to 

the effect of using mixtures of natural gas and aviation fuels on combustion and emission 

characteristics. A test combustor attached wth an air at its upstream end is used. Different air 

wirlers are used to study the effect of swirl number on flow field and combustion 

characteristics. The swirlers used have same blockage ratio of 0.72 (inner diameter=36 mm 

and outer diameter=50 mm) with different vane angles. The swirlers vane angles used are of 

30
o
, 40, 45

o
, and 52

o 
to produce swirl

 
numbers of 0.5, 0.7, 0.9 and 1.1, respectively since the 

swirl number (S) is defined by the following formula as given in reference [26]. 
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Three dimensional models in the CFD package Ansys Fluent 12 are used to simulate the 

isothermal and combustion flows in the present combustor. Modeling results will be validated 

by comparing computational results obtained from 100% natural gas combustion with 

experimental results obtained from natural gas combustion.  

 

2.1 Creating the model geometry and the computational mesh  
The geometry of the combustor and the corresponding computational mesh are shown in 

figures (1,2), respectively. The combustor model geometry is performed and the mesh is 

generated using Gambit 2.3 program [44]. The combustor dimensions are 100 cm in length 

and 20 cm diameter. The combustor outlet is ended by a conical restriction end with a 

http://www.hindawi.com/journals/ame/2010/342357/fig1/


 Paper: ASAT-16-042-PP  
 

length of 10 cm and exit diameter of 5 cm. Combustion air is introduced through the 

swirler vanes. The fuel enters through a simple nozzle of 1 cm diameter located coaxially 

at the center of the air swirler. The computational mesh of the combustor geometry and the 

swirler (45 degree) is shown in figure (2). The mesh consists of about 300,000 tetrahedral 

cells. Mesh cells sizes, density and distribution are essential for numerical solutions. 

Numerical accuracy can be improved by careful distribution of grid cell sizes which make 

compromise between computational time and numerical accuracy, removing the need for 

more complicated meshes. The mesh has high cells density at zones of interest such as the 

swirler and the combustor upstream and low density in other zones of less interest. 

Applying the quality criteria for tetrahedral mesh cells in fluent 12, the grid quality is 

checked and a maximum cell squish are shown to be 0.72 and a maximum cell skew less of 

0.75. 

 

2.2 Boundary conditions 

 

Boundary conditions are important for numerical solution. Inlet boundary conditions are inlet 

air mass flow rate, fuel mass flow rate and outlet flow at the combustor exit section. The 

boundary conditions of combustion air are: inlet mass flow rate of 0.02 kg/s, inlet temperature 

of 300 K, turbulence intensity of 15 %, and the hydraulic diameter is 2.8 cm. Boundary 

conditions of the fuel are: inlet mass flow rate, 0.0005 kg/s (AF=40), temperature of 300 K, 

turbulence intensity of 10 %, mean mixture fraction of 1.0. The boundary condition of the 

outlet of combustion is defined by providing pressure value. The relative pressure is taken 

zero gage pressure (Pascal), radial equilibrium pressure distribution, exit temperature of about 

1000 K and exit hydraulic diameter of 5 cm, turbulence intensity ratio of  10,  and hydraulic 

diameter of 5 cm.  

 

2.3 Modeling methodology 

 

The finite volume and the first-order upwind methods are used to solve the governing 

equations. The mathematical equations describing combustion are based on the equations 

of conservation of mass, momentum, and energy together with equations for turbulence 

and combustion. The convergence criteria are set to 10
-6

 for the continuity, momentum, 

and turbulent kinetic energy dissipation rate of the turbulent kinetic energy, energy and the 

radiation equations and the mixture fraction.  

 

The sheer-stress transport (SST) k-omega model is used to simulate the turbulent 

isothermal flow.. The SST k-ω model has the advantage in performance over the standard 

k- ε and the standard k- ω model. The model equations behave appropriately in the near-

wall and far-field zones [45,46]. Then, the equations for the turbulence kinetic energy, k, 

and the specific dissipation rate, ω, are solved. 

 

The non-premixed combustion with inlet diffusion model is used for modeling combustion. 

Equation for the conserved scalar (f) is solved. The P-1 radiation model is used to model 

radiation from the flame. The P-1 radiation model is the simplest case of the P-N model. 

The formation of prompt nitric oxide (NO) was included in the calculations and the 

formation of thermal NO is modelled supposing that all nitrogen in the fuel is released as 

hydrogen cyanide (HCN), then further reacts forming NO or molecular nitrogen N2 

depending on the combustion conditions. Soot distribution within the combustor is 

calculated using the two step soot model with soot-radiation interaction. 
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3 The Numerical Solution 

The numerical solution is performed and the results are displayed using Ansys Fluent12. 

Different algorithms are used to solve the governing equations. The Semi Implicit Method 

for Pressure Linked Equations (SIMPLE) algorithm is used for pressure/velocity coupling. 

This algorithm satisfies the mass conservation equation by using a relationship between 

velocity and pressure corrections. Solution procedures are as follows: (1) completing 

calculation of the PDF look-up table, (2) starting the reacting flow simulation to determine 

the flow fields and predict the spatial distribution of the mixture fraction, (3) continue the 

reacting flow simulation until a convergence solution is achieved, and (4) determine the 

corresponding values of the temperature and individual chemical species mass fractions 

from the look-up tables. Multiple species including radicals and intermediate species, may 

be included in the problem definition and their concentrations may be derived from the 

predicted mixture fraction using assumption of equilibrium chemistry. Property data for the 

species are accessed through chemical database and turbulence-chemistry interaction is 

modeled using a beta-PDF. 

 

   
 

Figure (1) Generated geometry of the can combustor model and the air swirler 

  

   
 

Figure (2) The Computational mesh of the combustor model and the air swirler  

  

4- Mesh independency study 

 

In order to obtain a grid-independent solution, the grid should be refined until the solution 

no longer varies with additional grid. The effect of mesh refinement on the solution is 

performed for combustion air mass flow of 100 g/s and the cell number of the examined 

meshes are from 100,000 up to 400,000. The axial velocities along the combustor 

centerline are calculated for the studied mesh sizes. These show good agreement of axial 

velocities for 300000 and 350,000 mesh sizes while the other results are far. Therefore, the 

mesh size of 300,000 cells can provide sufficiently grid independent and accurate solution 

as shown in figure (3). 
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Figure (3) Mesh independency study 

5. Model Validation  

To validate the model, the computational results are compared with the experimental 

measurements using natural gas fuel as referred to reference [47]. The computational and 

experimental centerline temperature distributions are compared as shown in figure (4).The 

comparison shows a satisfactory and acceptable agreement with maximum error of about 8%. 

The temperature levels obtained from computations are higher than that obtained from the 

experimental measurements. This is due to that the test combustor is water cooled, which 

absorbs quantitative amounts of heat, and further heat is lost by convection and radiation. In 

addition, using a bare wire thermocouple cooled by water, its junction does not obtain the 

same temperature of the combustion gases. Therefore, the measured temperatures are quite far 

from the calculated ones. Details of the experimental test rig are found in reference [47].   

 

 
Figure (4) Numerical model validation by comparing the numerical results with the 

experimental temperature measurements for A/F=30, S=0.5 [47] 

 

6-Results and discussion 

There are many reasons for alternative fuels used in jet aircraft to be developed. One of the 

most promising alternative fuels for the short term is natural gas. Natural gas has high energy 

content and has lower gravimetric density than Jet A-1. These differences cause several 

effects when it is mixed with aviation fuel to use in aircrafts. Air to fuel ratio of 40 is 

appropriate to obtain suitable flame size to study using the present combustor [47]. Results 

from the numerical investigation include the effect of swirl number on cold flow field, effect 
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of swirl number on temperature maps of natural gas flame, and effect on temperature maps 

and emissions using different mixtures of natural gas and aviation fuels. Natural gas quantities 

included in the investigation are: 10%, 25%, 50%, 75%, and 100%. 

It is shown from figure (5) that increasing the swirl number from 0.5 up to 1.1 leads to an 

increase in the recirculation zone size and accordingly the reverse flow zone sizes. It is also 

shown that as the swirl number increases, the reverse flow size becomes more attached to the 

upstream direction causing a decrease in flame length. Figure (5) shows also that high values 

of negative velocities increase as the swirl number increases while those of low negative 

velocities decrease as the swirl number increase. Higher swirling flows creates internal 

recirculation zone that circulates hot products to combustor upstream section. This plays an 

important role in mixing, improving flame stability and lowering the exhaust gases emissions. 

As swirl number increases the velocity range near zero decrease and the maximum negative 

velocity increases. 

 

[m/s] 

 

S=0.5 

 

S=0.7 

 

S=0.9 

 

S=1.1 

Figure (5) Axial Velocity Distribution and RFZ Boundaries inside it 
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[Weak] 

 

S=0.7 
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] 

 

S=0.9 

[High] 

 

S=1.1 

[Strong] 

Figure (6) Effect of swirl numbers on temperature maps of natural gas flames [AF=30] 
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From figure (6), it is shown from the temperature maps that as the swirl number increase, then 

the temperature levels are decreased and move to the upstream direction. Also the sizes of the 

high temperature regions are decreased and move to the upstream direction. This indicates 

that the flame length is decreased as the swirl number increases and also the high 

temperatures in the flame move near the swirler exit and the flame becomes wider in 

diameter. So, from the numerical investigation, there is a remarkable effect when using 

different air swirl numbers on temperature maps as shown n figure put below.  

 

 

 

[K] 

 

Jetfuel 

=100% and 

NG=0 

 

NG=10 % 

 

NG=25 % 

 

NG=50 % 

 

NG=75 % 

 

NG=100 % 

Figure (7) Effect of using jet-A, and natural gas fuel mixtures on 

temperature maps [S=0.7&AF=30] 

 

  The A/F ratio with relatively small amount of 20 produces flames with larger sizes, it is 

found that flames suitable for the present combustor are obtained with A/F ratio=30 & 

moderate swirl number of 0.7 [S˃6]. Figure (7) shows effect of using jet-A, and natural gas 

fuel mixtures on temperature maps for swirl number of 0.7 and air to fuel ratio of 30. It is 

shown from the figure that as the nature gas percent in the mixture increases from 10 % up to 

75%, the flame length is also increased and the high temperature regions in the flame 

becomes farther from the swirler. Also for 100% natural gas the flame length increases more 

and the high temperature region move farther and the flame diameter becomes narrower. 

Generally, flame length and regions of high temperatures are increased as natural gas percent 

increases due to the improved mixing and increased combustion efficiency. Temperature 

maps for natural gas flame indicate that the high temperature region size is decreased and 

shifted downstream due to buoyancy effect of natural gas and its high flame speed. 

 

          Figure (8) shows that the effect of using mixtures of jet-A and natural gas fuels on axial 

temperature distrbutions along the combustor centerlne has different trends at the first half of 

the combustor from that at the second half of the combustor. for all mixtures, the temperatures 
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are increased with the axiaal distance along the first part of the combsutor at (0≤x/D≤2) and 

decrease at the second part at (2≤x/D≤5.5).    it is shown that as natural gas percent increase in 

the mixture, the temperature levels decrease at (0≤x/D≤2). As natural gas percent increases, 

the temperature levels increase at (2≤x/D≤5). The temperature levels decrease with higher rate 

for all mixture at the combustor end (5≤x/D≤5.5) due to the effect of restricted end. 

 

 
Figure (8) Effect of using jet-A, and natural gas fuel mixtures on axial temperature 

distrbutions along the combustor centerlne [S=0.7&AF=30] 
          

         Figure (9) shows that in the upstream section of the combustor, CO is decreased as the natural 

gas percent increases. At the second part of the combustor, CO2 increases with increasing 

natural gas percent. Near the combustor exit, CO tends to zero because of the restricted end. 

 

 
Figure (9) effect of using jet-A, and natural gas fuel mixtures on  axial concentrations of 

mole fraction of CO species  [S=0.7&AF=30] 
 

Figure (10) shows the effect of natural gas and aviation-a fuel mixtures on axial 

concentrations of CO2. At the first half of the combustor, it is shown that as natural gas 

percent increases, the CO2 decreases (0≤x/D≤3). At further downstream part of the combustor 

((3≤x/D≤4.4), CO2 values are nearly the same but near the combustor exit CO2 is decreased 

with increasing natural gas percent. 
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Figure (10) effect of using jet-A, and natural gas fuel mixtures on  axial concentrations 

of mole fraction of CO2 species  [S=0.7&AF=30] 
 

Figure (11) shows that as a natural gas percent increases, the unburned jet-a in the fuel 

mixture tend to decrease slower rate and has a value close to zero but at lower percent of 

natural gas jet-a becomes nearly zero. 

 

Figure (11) effect of using jet-A, and natural gas fuel mixtures on  axial concentrations 

of mole fraction of jet-A species  [S=0.7&AF=30] 
 

 

From figure (12), it is shown that as N2 is increased rapidly for all mixtures at the combustor 

upstream at (0≤x/D≤1) and the remains nearly constant along the most of the combustor 

length. N2 is decreased with increasing the natural gas percent for all mixtures. 
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Figure (12) effect of using jet-A, and natural gas fuel mixtures on  axial concentrations 

of mole fraction of N2 species [S=0.7&AF=30] 

Figure (13) shows that soot volume fraction levels are decreased with increasing natural gas 

percent at the combustor upstream section (0≤x/D≤0.5) and it is increased with increasing 

natural gas at the combustor end. This is because natural gas diffusion flame is sooty by its 

nature. Generally, Soot emissions for mixtures of natural gas with Jet-A show that increasing 

natural gas leads to increase in soot concentration.   

 

Figure (13) effect of using jet-A, and natural gas fuel mixtures on  axial concentrations 

of soot volume fraction  [S=0.7&AF=30] 
 

6. Conclusions  

The present work is directed to investigate the flow aerodynamics, combustion and emissions 

characteristics within swirl gas turbine combustor. The coupling between fluid dynamics and 

combustion within the gas turbine combustor provides a major factor governing exhaust 

emissions. The formation and the size of the recirculation zone as a tool for exhaust emissions 

reduction are examined in the present study.  From the preent results, the following 

conclusions are obtained:  
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1-In non-reacting flow, the central recirculation zone has larger size compared to corner 

recirculation zone as a result of highly swirling flow and vice-verse for low swirl flow.   

2-High turbulence levels are achieved within the combustor dome due to the swirling effects. 

3- The high levels of turbulence and the resulting good mixing of fuel with air explain the 

success of the air swirler to produce uniform temperature distribution within the gas turbine 

combustor and low exhaust emissions.   

4-The recirculation zone tends to be longer and wider with increasing the swirl number 

especially at upstream section. 

5-The swirl number may not be the correct parameter to characterize the properties of the 

recirculation zone while sufficient swirl is needed to recirculate the flow.    

6- The flow aerodynamics can play a significant role in either decreasing exhaust species 

concentrations based on their location and strength.   

7-Maximum UHC are found near the combustor upstream before that of the CO. Maximum 

N2 concentrations are found farther downstream of CO and UHC maximums.   
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