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ABSTRACT 

Experimental Study on Flame Structure and 

Combustion Dynamic Characteristics in a 

Low NOx Model Gas Turbine Combustor 

Min-Ki Kim 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 
 

There has been increased demand in recent years for low NOx gas turbines to meet 

stringent emissions goals by operating in a lean, premixed combustion and an advanced 

combustion system for aero gas turbine engine such as the Rich-Burn, Quick-Mix, Lean-

Burn (RQL) combustor. Unfortunately, detrimental combustion instabilities are often 

excited within the combustor when it operates under lean and rich equvalence ratio 

conditions, degrading performance and reducing combustor life. To eliminate the onset 

of these combustion instabilities and develop effective approaches for their control, the 

mechanisms responsible for their combustion oscillation chartacteristics and jet spray 

mechanism of secondary quick mix zone must be understood. The main objective of this 

study was conducted to identify the secondary spray jet mechanism for the turbulent 

quick mixing zone and combustion instability characteristics in a swirl-stabilized and 

partially premixed model gas turbine combustor, with the attention focused on the effect 

of the various fuel-air mixing section geometries, fuel-air mixture velocities and effect of 

the formation of recirculation zones and vortex interaction on the combustion instability 

characteristics. Lastly, for the confirmed the this experimental study and analyzed 

mechanisms, we investigated an optimized operating strategy and developed a 
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combustion tuning methodology for the GE 7FA+e DLN-2.6 (DLN : Dry Low NOx) 

ground state gas turbine engine used for power generation operated by Korea Western 

Power Co. Ltd. at Seo-Incheon power plant, Incheon, Republic of Korea.  

The flame recirculation zone is very important, as it can modulate the fuel flow rate 

and may be the source of instability, plus its flame structure has a major impact on heat 

release rate oscillation and flame stabilization. This study addresses structural 

characteristics of natural gas flames in a lean premixed swirl-stabilized combustor with 

attention focused on the effect of the formation of recirculation zones and vortex 

interaction on the combustion instability. To improve our understanding of the role of the 

recirculation zone and vortex combustion instability, the flame structure was investigated 

for various mixture velocities, equivalence ratios and swirl numbers. The optically 

accessible combustor allowed for the laser diagnostics of Particle Image Velocimetry 

(PIV) measurement, while OH chemiluminescence was used to characterize the flow 

structure under both cold flow conditions and hot flow combustion conditions. and heat 

release oscillation rate with the use of a high-speed ICCD camera under both stable and 

unstable flame conditions. Multi-channel dynamic pressures were also measured at the 

same time to investigate characteristics of the combustion phenomenon. We also 

observed fundamental longitudinal type of combustion instability characteristics related 

to the instability of thermo-acoustics. The result suggests that the formation of the 

recirculation zone is strongly related to the occurrence of combustion instabilities.  

The effect of fuel-air mixture velocity on combustion instability characteristics have 

been investigated by measuring the flame structure, dynamic pressure mode and phase. 

The swirling CH4 - air flame was investigated with an overall equivalence ratio of 1.2 to 

lean blowout limit and dump plane velocity of 30 ~ 70 m/s. Phase locking analysis was 

performed to identify structural changes at each phase of the reference dynamic pressure 

sensor under conditions of instability. At an unstable condition, flame root size varies a 

lot compared to stable condition which is because of air and fuel mixture flow rate 

changes due to combustor pressure modulation. After this structural change, local 

extinction and re-ignition occur and it can generate a feedback loop for combustion 

instability. This analysis suggests that pressure fluctuation of combustion causes 
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deformation of flame structure and variation of flame has a strong effect on combustion 

instability. In this section, we observed two types of combustion instability 

characteristics related to the instability of both the thermo-acoustics and flame vortex 

interaction mode.  

To investigate the instability characteristics of combustor geometry. The combustor 

and inlet mixing section length was varied in order to have different acoustic resonance 

characteristics from 800 to 1680 mm of the combustor and 470, 550 and 870 mm of the 

inlet mixing section. In this study, we observed two dominant instability frequencies. 

Lower instability frequencies were obtained around 240 ~ 380 Hz, which were associated 

with a fundamental longitudinal mode of combustor length. Higher frequencies were 

observed around 410 ~ 830 Hz. These were related to the secondary longitudinal mode in 

the combustion chamber and the secondary quarter wave mode in the inlet mixing section. 

These second mode instability frequency characteristics are coupled with the conditions 

of the combustor and inlet mixing section acoustic geometry. Also, these higher 

combustion instability characteristics include dynamic pressure oscillation of the inlet 

mixing section part, which was larger than the combustor section. As a result, 

combustion instability was strongly affected by the acoustically coupling characteristics 

of the combustor and inlet mixing section geometry, which is called the plenum.  

The effects of variable angled injection characteristics for quick mixing zone such 

as liquid column trajectory and breakup length has been experimentally studied in liquid 

jets injected into subsonic crossflow. With water as fuel injection velocity and injection 

angle were varied to provide of jet operation conditions. The pulsed shadowgraph 

photography with highly resolution and PLLIF (Planar Liquid Laser Induced 

Fluorescence) measurements were used for determined the liquid column trajectory and 

breakup length of angles spray. As the result, this research has been shown that liquid 

column trajectories and liquid column breakup length were spatially dependent on air-

stream velocity, fuel injection velocity, various injection angle, and normalized injector 

exit diameter. Furthermore, the empirical formula of liquid column trajectories and 

breakup length has been some different of drag coefficient results between forward 

injection and reverse angle injection in subsonic crossflow. 
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In the Appendix section, the optimum combustion control of real gas turbine 

combustor was introduced. On the basis of a MARK-Ⅵ system, the optimized tuning for 

operation of a DLN-2.6 combustor was studied for the maintenance of a GE 7FA+e gas 

turbine at a Seo-Incheon combined cycle power plant. Also, the optimum combustion 

control system was created by all of measuring the inlet and outlet combustion data of the 

GE 7FA+e gas turbine.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background  

As a high-efficiency and low-pollution engine, a gas turbine is utilized for various 

different uses, ranging from the aviation industry to the electric power generation industry. 

Examples include domestic and industrial burners, steam and gas turbines, waste 

generators, and jet and ramjet engines. Continuous combustion processes exhibit a wide 

range of dynamics. Of these, conditions which promote coupling with the acoustic field 

and result in sustained, large amplitude oscillations remain as most challenging in the 

effort to develop ultra-low emission, lean premixed combustion to its full potential. 

Paradoxically, near stoichiometric burning in high-speed propulsion systems exhibits 

similar dynamics. In earlier days, for the purpose of promoting mechanical stability, such 

an engine was driven by a diffusion flame type combustor, but around the 1980s, when 

exhaust emissions like such as NOx were made an issue due to combustion in the existing 

stoichiometric ratio, the concept of a lean premixed flame [1, 2] and RQL (Rich burn 

Quick mix and Lean burn) type combustion [3, 4] quickly became important. As a result, 

the emission of NOx could be sharply decreased, but another problem arose in this 

context, which was that the flame became unstable in extreme reaction to the external 

disturbance. In a typical continuous combustion process, a highly flammable fuel-air 

mixture is ignited, and the hot gases generated due to the chemical transformation of the 

mixture are used to perform certain functions. In its simplest form, the combustion 

process can be considered as a reacting mixture flowing in a constant area duct with a 

flame anchored at a specific location in the duct. The latter ignites the reactants, releasing 

their chemical energy in the form of heat, thus raising their temperatures and reducing 

their density. Combustion chambers can be viewed as organ pipes in which acoustic 

pressure and velocity oscillations can be sustained. Flames, which are essentially surfaces 
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across which reactants are converted into products, not only possess their own inherent 

instabilities, but are also known to respond readily to impose fluctuations. The potential 

coupling between the unsteady components of pressure and heat release rate can lead to 

their resonant coupling, thus growth, is referred to as thermo-acoustic instability. 

The combustion instability indicates that the local change of unsteady heat release 

waves and acoustic waves from the combustion chamber interact with each other, further 

generating a fluctuation of specific instability frequency. The fluctuation of unstable 

dynamic pressure generates a perturbation of fuel-air mixture flow, and then this 

fluctuation generates a perturbation of heat release waves, thus developing into the 

phenomenon of combustion instability. When the combustion instability characteristic 

takes place, it is able to satisfy the Rayleigh criterion theory [5], as formulated here:. 

 

0 0 0
' ( , ) ' ( , ) ( , )

V
p x t q x t dVdt x t dVdt

 
             (1.1) 

 

The combustion instability mode is attributed to various other factors, such as heat 

release oscillation [6] by the flame vortex and acoustic pressure boundary formation with 

other space except the combustor, as well as the internal configuration of the combustor 

[7, 8, 9, 10]. For instance, the Seo-Incheon power plant of Korea Western Power 

Company, there is one of the latest engines made by the General Electric (GE) Company, 

called the 7FA+e DLN-2.6, and the fuel staging technique is used to stabilize the 

combustion as shown in Fig. 1.1. In the initial stage of combustion, a high level of NOx is 

generated in the section called Mode 3 (10~20 MW), that is, a yellow plume is generated 

by NO2 in the chimney and lasts four hours at most., In the section of Mode 6B (20~45 

MW), which leads to the maximum output, this has a feature that the engine combustion 

oscillation (the average pressure inside the combustion chamber is as follows: 15.1 bar, 

pressure fluctuation: 0.3 bar, about 2% oscillation of the average combustion chamber 

pressure) is caused by the conversion into the premixed mode. At this moment, through 
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zone. Operating lean of stoichiometric keeps the combustion temperature low and also 

eliminates carbon monoxide (CO) and unburnt hydrocarbons (UHC). To date, the 

reduction of NOx from staged RQL type combustors operating at atmospheric, low 

temperature inlet conditions has been well documented. Staged combustion has been 

demonstrated successful at reducing thermal and fuel NO at atmospheric conditions with 

no air preheat [15, 16], and at atmospheric conditions with air preheat up to 600 K [17]. 

However, little information exists for the RQL's low NOx potential when operating at 

temperatures and pressures that correspond to actual gas turbine engines. A full evaluation 

of the RQL, for use in stationary and aero applications, requires a systematic study of the 

effects of current, as well as futuristic, operating conditions on the emissions of NOx and 

combustion efficiency.  

 

1.2 Historical Overview of Combustion Instability 

Historically, the first observation of combustion oscillation was the “singing flame” 

which was discovered by Higgins in 1777 [18]. This phenomenon caught the interest of 

several researchers [19, 20] and they described that high levels of sound can be produced 

by placing a flame, anchored on a small diameter fuel supply tube in a larger diameter 

tube. The flame was found to excite the fundamental mode or one of the harmonics of the 

larger tube. The “dancing flame” was discovered later by Le Conte [21] where a flame 

pulses in sync with the audible beats of music. “It was exceedingly interesting to observe 

how perfectly even the trills 1 of the musical instrument were reflected on the sheet of the 

flame. A deaf man might have seen the harmony!”, he quoted. Concomitantly, Rijke [22] 

showed that sound can be generated in a vertical tube open at both ends by placing a 

heated metal gauze inside the tube. The sound was heard only when the heating element 

was placed in the lower half of the tube, specifically at a distance of a quarter the tube 

length from the bottom. Rayleigh [23] was the first to hypothesize the onset of the 

instability, and define a criterion for positive coupling based on a phenomenological, 
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heuristic, description of the instability, his explanation was as follows: “If heat be 

periodically communicated to, and abstracted from, a mass of air vibrating in a cylinder 

bounded by a piston, the effect produced will depend upon the phase of the vibration at 

which the transfer of heat takes place. If heat be given to the air at the moment of greatest 

condensation or to be taken from it at the moment of greatest rarefaction, the vibration is 

encouraged. On the other hand, if heat be given at the moment of greatest rarefaction, or 

abstracted at the moment of greatest condensation, the vibration is discouraged”. This 

can also be compared to a thermodynamic cycle (e.g. the Carnot engine). In a continuous 

combustion. Fig. 1.3 shows an historical overview of combustion instabilities in devices 

for propulsion and power generation [24]. Combustion instability was observed in solid 

rockets in the 1930s, and was a major issue in the development of liquid rocket engines as 

well as solid rocket motors. A notable instability in liquid-fueled rockets was encountered 

during the development of the F-1 engine for the Saturn rockets. The F-1 experienced 

strong instability with oscillation amplitudes up to 100% of the mean pressure (more than 

2000 psi) in the combustion chamber at the frequency range of 200 ~ 500 Hz [25, 26]. In 

developing solid-propellant rockets, combustion instability was observed in the Space 

Shuttle rocket boosters, Minuteman ICBM, and the decent motors of the Mars Pathfinder 

[26, 27]. Combustion instabilities in ramjets have been also problematic as they cause 

strong fluctuations in thrust and/or shock-system oscillations in the inlet diffuser [26, 28]. 

Similar problems have been experienced in afterburners, where transverse modes as well 

as axial mode instabilities have damaged engine components such as flame holders and 

liner sections. In land-based gas turbines, vibrations induced by oscillating pressure and 

entropy waves in the combustion chambers have given rise to fatigue in combustor liners 

and turbine blades, which can reduce system lifetimes significantly. 
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1.4 Objectives and Outline 

Optimum designing an advanced low NOx gas turbine combustor requires, 

essentially, the capability of predicting stability characteristics as a function of combustor 

operating conditions and geometry. This requires a substantial understanding of the 

physical processes which generate fluctuations of the rate of heat release and/or acoustic 

oscillations in lean and rich premixed combustors. Unfortunately, neither the driving nor 

coupling mechanisms of combustion instability are well enough understood, particularly 

under realistic combustor, inlet mixing section geometries and operating conditions.  

For this purpose, experimental study is conducted to characterize the effects of 

flame-vortex interactions, fuel air mixture velocities and inlet mixing section geometry on 

unstable combustion in a swirl-stabilized, laboratory-scale gas turbine combustor. In 

chapter 2, the acoustic theory for each of the combustion instability mechanisms is 

presented to lay a theoretical foundation for the experiments. Chapter 3 then presents the 

experimental facility, including the model gas turbine combustor configuration and 

measurement techniques. The observed overall instability characteristics for swirl 

stabilized flame structure and recirculation zone are shown in Chapter 4. Based on the 

observations in Chapter 4, the combustion instability mechanisms due to flame-vortex 

interactions of various fuel-air mixture velocities and effect of mixing section geometry 

discussed in Chapters 5 and 6, respectively. Chapter 7 presents the secondary spray jet 

mechanism and characteristics of canted injection angles in secondary quick mixing zone 

for reducing the NOx level. The optimized tuning experience of a GE 7FA+e DLN-2.6 

gas turbine combustor is shown in Appendix section. Lastly Chapter 8 presents the 

conclusions of this study. 
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Mass continuity : 
( )

0
u

t t

  
 

 
                   (2.1) 

Momentum : 0
u u p

u
t x x

   
  

  
                (2.2) 

Energy : 
e e u

u p q
t x x

   
   

  
                 (2.3) 

 

Where, t and x are time and space, respectively,  , u , p , and e are the density, 

velocity, pressure, and specific internal energy respectively, and q is the heat release rate 

per unit volume. We assume that the gases on both sides of the combustion zone behave 

as perfect gases, recall the perfect gas state equation Where, R
 

is the gas constant, and 

T  is the absolute temperature. 

 

p RT                            (2.4) 

 

Combining Eq. (2.1), Eq. (2.3) (note, 
1v v

p p
e C T C

R
 


  

 , where vC  

and   are the constant-volume specific heat and the specific heat ratio, respectively) 

and Eq. (2.4), we get  

 

( 1)
p p p

u p q
t x x

   
   

  
                (2.5) 

 

Since we are only interested in the small perturbation behavior at the onset of the 

instability, we use the perturbation method to linearize the system. We separate the system 

variables into their mean (function of space only) and small perturbation (function of 

space and time) components as follow, where ()  and ()  are the mean and the 

perturbation of a variable, respectively. 
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( , ) ( ) ( , ) , ( , ) ( ) ( , )

( , ) ( ) ( , ) , ( , ) ( ) ( , )

p x t p x p x t u x t u x u x t

x t x x t and q x t q x q x t  
    
    

      (2.6) 

 

Substituting the flow variable decompositions in Eq. (2.6) in Eqs. (2.2) and (2.5) and 

neglecting second order terms of the fluctuating components, we obtain the governing 

linear equations for the perturbations as: 

 

0
u u du du p

u u u
t x dx dx x

   
         

  
           (2.7) 

( 1)
p p dp u du

u u p p q
x x dx x dx

  
           

  
       (2.8) 

 

We also assume that the flame zone is spatially localized at fx (see Fig. 2.2), i.e., 

 

( , ) ( ) ( )f fq x t q t x x                      (2.9) 

 

Where, fq denotes the heat release rate per unit area and ( )   denotes the Dirac 

delta function. This implies that the mean variables are essentially constant over the 

length of the combustor except for a step change at fx . For low Mach number flows, the 

effect of the step change in the pressure is negligible compared to the change in the mean 

velocity or mean density, and the spatial gradient of the mean pressure as well as the 

mean velocity can be considered small (see Ref. [1] for more details).  

If the mean flow Mach number is negligibly small, Eqs. (2.7) and (2.8) can be 

obviously simplified as 

 

2 2
2

2 2
( 1) ( )f

f

qp p
c x x

t x t
 

   
       

             (2.10) 
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( 1) ( )f f

p u
p q x x

t x
  

      
 

              (2.11) 

 

Equations (2.10) and (2.11) capture the dominant characteristics of the 

thermoacoustic instability dynamics of the combustor. It should be noted also that the 

homogeneous form of Eq. (2.10) (i.e., when the RHS equals to zero) becomes the 

“classical acoustic wave equation”. The general solution of the homogeneous wave 

equation can be represented as [2, 3, 4]: 

 

( , ) ( ) ( )p x t p x t                        (2.12) 

0( ) sin( )x kx                        (2.13) 

0( ) sin( )t kcx                        (2.14) 

 

Where, ( )x  is called the basis function and describes the spatial component of 

the solution of the wave equation, and ( )t represents the temporal component. k  is 

the wave number, 0 is a given phase, and both are determined by the boundary 

conditions in the field. For example, in a tube open at both sides, the boundary conditions 

can be described as: (0, ) ( , ) 0p t p L t   . Solving Eq. (2.13) with these boundary 

conditions, we get 

 

0 0, , 2 ...                           (2.15) 

, 1, 2,3,...
n

k n
L


                    (2.16) 

 

We see that there exists an infinite set of discrete values of k , for which phas 

non-trivial solutions (eigenvalues). Hence, ( )x will represent the modes along the tube 

( n -modes). In Fig. 2.3, the first three modes for an open-open tube are shown, the points 
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Where, the first term in the RHS is the kinetic acoustic energy and the second is the 

potential acoustic energy. It is clear that any system that would sustain waves (also, as in 

many vibration processes) should have these two components of energy, and the periodic 

conversion from one form to the other sustains the oscillatory behavior.  

The temporary, over the period of oscillation,  , and spatially, over the length of 

the combustor, L , we get 

 

20 0 0 0 0 0

( 1)
( , ) ( , ) ( , )

L L L L

Le dx p x t q x t dxdt E dt x t dxdt
c

 


 


                      

(2.18) 

 

Where,  and L  are the changes over time and length, respectively. The LHS of 

Eq. (2.18) represents the change in the acoustic energy per cross-sectional area of the 

combustor. The first term in the RHS is the Rayleigh integral (similar to Eq. (1.1)), the 

second term represents the acoustic energy flux across the control surface of the field and 

is defined as E u   , and the last term quantifies the dissipation in the acoustic field. 

We can clearly see from the energy balance in Eq. (2.26) that when the Rayleigh criterion 

is satisfied, i.e. p  and q  become in phase, and the gain of the first term in the RHS is 

large enough to overcome both the dissipation and the energy flux terms (which are 

typically small), there will be an increase in the acoustic energy in the combustor, i.e. 

thermo-acoustic instability will be dominant [6]. 

The latter can happen when perturbations in the acoustic field affect the inlet 

conditions of one of the reactants (fuel or air), prior to mixing, and thus causes 

perturbations in the equivalence ratio which translate into perturbations in the unsteady 

heat release. This case could happen if the inlet conditions of one of the reactants to the 

combustor are not choked [7]. In both cases, if these perturbations are such that the phase 

between p  and q  is 90o , instability will occur. 
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2.1.3 Standing wave in combustor and inlet mixing section 

For definition of the acoustic standing wave and phase analysis, we measured the 

multi-position dynamic pressure in combustor and inlet mixing section using the 11ea. 

dynamic pressure sensors. And the combustion instability characteristics in combustor 

and inlet mixing section are represented by below fundamental equations of acoustic 

standing wave. At the combustor section ( .0 combx L  ) can be written as: 

 

First	of	half	wave	equation 	 ∗ cos 							   

 

Second	of	half	wave	equation 	 ∗ cos 							   

 

First	of	quater	equation 	 ∗ cos 						 	 2   

 

Second	of		quater	equation 	 ∗ cos 						 	   

 (2.19) 

 

At the inlet mixing section ( 0inletL x  ) can be written as: 

 

First	of	half	wave	equation 	
A

cos
∗ cos 							  

  

Second	of	half	wave	equation 	 ∗ cos 							   
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First	of	quater	equation 		 ∗ sin 						 	 2   

 

Second	of		quater	equation 	 ∗ sin 						 	   

 (2.20) 

 

2.2 Flow Dynamics of Swirl Injector 

The swirling flows have been widely used in practical combustion systems such as 

industrial burners, furnaces, and gas turbine combustors because they enable high energy 

conversion in a small volume. Swirl flames exhibit good ignition and stabilization 

behavior over a wide operating range by promoting rapid mixing, improving flammability 

limits, shortening flame size, and reducing pollutant emissions [8]. The vast majority of 

gas turbine systems employ swirl injectors that provide a lot of advantages. Fuel injection 

and mixing efficiency is a very important factor for combustion emissions and gas turbine 

efficiency. Nowadays, most gas turbines use swirl injectors. Using this kind of injector 

affects flame stabilization and mixing quality. A swirl injector is composed of a central 

recirculation zone and an outer recirculation zone. This central recirculation zone re-

circulates combusted hot gas to the nozzle part and it works as a heat source of the 

combustion and central recirculation zone, making a shear layer of the mixture and re-

circulated flow, which will help the mixing efficiency [9].  

As mentioned above, a recirculation zone is important for the stabilization of flames, 

and this is generated by swirl flow. The pressure gradient and distribution inside the 

combustor is the most important factor in forming a recirculation zone. As the flow passes 

through the swirl vane, tangential-direction velocity components are generated in the flow, 

further generating centrifugal force toward the outside of the combustor. A radial-

direction pressure gradient is then formed in order to sustain equilibrium with the 

centrifugal force, which is called simple radial equilibrium flow. The pressure gradient 



 19

generated at this time can be calculated through a radial-direction momentum equation 

[10, 11]. First of all, an assumption can be established for the simple radial equilibrium 

flow as follows: Both the axial-direction and tangential velocity cannot exist in a steady 

state condition. Therefore, axial and radial velocities are related to radius functions, axial 

symmetry and radial-direction velocity. Under this assumption, the axial and tangential 

direction momentum equations become trivial solutions. The radial-direction momentum 

equation can be regarded as a governing equation that shows the pressure gradient of 

swirl flow.  
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  (2.21) 

Reduces to 

2vp

r r





                        (2.22) 

 

Figure 2.4 and Equation (2.22) show that the centrifugal force and the pressure 

gradient have equilibrium with each other. With this equation simply integrated, it was 

found that the closer it gets to the combustion chamber, that is, the smaller the radius 

becomes, the lower the stagnation pressure becomes. Since the tangential velocity 

component gets damped while moving closer toward the axial direction, the radial 

pressure gradient disappears in the back of the combustion chamber when it has a 

sufficient distance toward the axial direction, which indicates an achievement of pressure 

equilibrium. Therefore, around the combustion chamber wall, whose radius is large, a 

negative pressure gradient is formed, through which the pressure decreases gradually; 

meanwhile, in the central part of the combustion chamber, a positive pressure gradient is 

formed, through which the pressure gradually increases. Due to such a pressure 

distribution, outside flow comes rolling up the central part of the combustion chamber, 

enhancing the funnel-shaped recirculation zone existing in the central axis. 
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injection angle  as follows: 

 

0.5 0.46

0.5 2
1.32 ln 1 6 sin

3
eq f

d
j f s j

d dh x
q C

d d d d


                      
     (2.23) 

 

 Assuming that liquid acceleration was balanced with aerodynamic drag forces and 

that the liquid column could be modeled as a cylindrical fluid element of the diameter of 

the nozzle exit. Wu et al. [15] calculated the correlation of the liquid column trajectory 

before the fracture point as follows: 

 

1.37
y x

q
d d

   
 

                    (2.24) 

 

And the below 90° injection angle condition (Fig. 2.5(b)), By introducing an average 

drag coefficient, DC , the axial momentum equation can be written as follows: 

 

     
1

2 2 22 1

4 2
f

f o g g f g f g f

du
d c u u u u v v ld

dt

          
    (2.25) 

 

To render the above equation more tractable, the following considerations were 

made. For the present investigation,  2

g fv v was estimated to be considerably less 

than  2

g fu u in most cases and was therefore neglected. In addition, the variation in 

fu was, in most cases, very small as compared to gu , so that the approximation 

g f g ju u u u   could be made. Finally, g and gu were presumed constant at their 

respective free stream values, and f  and fu were presumed constant at their 
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respective jet exit values, j  and ju . 
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With f

dx
u

dt
 , a second integration with respect to time yields the following 

equation. 
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                    (2.27) 

 

Because the transverse velocity of the liquid column was presumed constant and 

equal to the transverse component of the jet exit velocity, f

j

u dy
dt v


 , so jy v t

and the trajectory equation could be written as follows: 
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With the momentum flux ratio q and the injection angle  , the following equation 

was derived. 
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Therefore, the trajectory experimental formula of the liquid column region can be 

calculated depending on the injection angle that is less than 90° and on the reverse 
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tungsten wire. The location of pyrotechnic initiator was selected to consider the vortex 

shedding zone. And the exhaust nozzle, dump surface and combustor were cooled down 

by water and the outer surface of combustor was cooled down by air. 

 

 

Fig. 3.6 The ignition system consisted of high voltage generator and spark plug. 

 

3.2. Combustion Data Acquisition System 

To measure the flow rate of fuel and air, combustion static pressure, exhaust 

emission and combustion dynamic characteristics of the model dump combustor, this 

experimental study used various kinds of sensors and a flow-meter to regulate the flow 

rate. First of all, to control the change of static pressure and the air flow rate before and 

after the combustion experiment, a total of six static pressure sensors made by Valcom 

Company were used. A K-type thermo couple was used to measure the temperatures of 

eight channels in total consisting of the air-supply (3 each), the combustor (4 each), and 

the exhaust emission sensor location (1 each), as well as the temperature around the 
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3.4 Chemiluminescence and Flame Structure Analysis 

Chemiluminescence from hydrocarbon flames arises from specific molecules that are 

lifted to an excited state by exothermic chemical reactions and then subsequently decay 

back to equilibrium energy levels by emitting a photon. Chemiluminescence emission 

occurs in specific wavelength bands that are characteristic of the emitting molecules. 

Because the molecules responsible for the chemiluminescence change for different 

combustion regimes and types, chemiluminescent emissions can provide information 

about the nature of the reactions and the fuel/airmixture [5].  

Most naturally emitted ultraviolet and visible radiation of flames, called 

chemiluminescence, is caused by short lived electronically excited intermediate species 

such as OH*, CH* or C2* formed during chemical reactions [6, 7]. An example is 

depicted in Fig. 3.10 (left panel) from a Bunsen burner, operated with a stoichiometric 

mixture of methane and air. If the radiation emitted by this flame is dispersed in a 

spectrometer into its wavelength components, spectra can be observed like those shown 

in Fig. 3.10 (right panel). On recognizes characteristic emission bands originating from 

the above mentioned species in their respective electronically excited (A) states of OH* 

(310 nm), CH* (388, 431 nm) und C2* (473 nm), respectively. It is therefore of interest to 

investigate if the intensities or spectral shapes of these band systems can provide 

quantitative information on, e.g., local fuel/air ratios, heat release rate (HRR) or chemical 

processes of the combustion system investigated. If so, this would be of great importance 

for technical combustion systems, since detecting chemiluminescence radiation is a cheap 

and non-intrusive method for monitoring the combustion event in environments such as 

power plants, waste incinerators or combustion engines [8]. 
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The correlation function is expressed as follows: 

 

     
0 0

, , ,x y x yh s s f x y h x s y s dxdy
 

             (3.2) 

 

A correlation method is classified into auto-correlation and cross-correlation 

according to the number of functions. Auto-correlation is for the case 

   , ,f x y g x y in Eq. (3.2) and the cross-correlation is the    , ,f x y g x y  

case. Auto-correlation is used when the first image and the second image are recorded in 

one frame (single frame / double exposure) and cross-correlation is used when the two 

images are recorded in separate frames (double frame / single exposure). Compared to 

auto-correlation method, cross-correlation method has some merits: 1) The problem of 

directional ambiguity is eliminated, 2) The algorithm is simple because there is only one 

peak as a result of correlation and 3) Dynamic range is relatively large. 

 

3.6 PLLIF (Planar Liquid Laser Induced Fluorescence) 

To measure the trajectory and breakup length of the liquid column spray jet, we used 

the PLLIF (Planar Liquid Laser Induced Fluorescence) technique. Another approach to 

the patternation of fuel sprays is the use of PLLIF (Planar Liquid Laser Induced 

Fluorescence). The PLLIF technique is based on the fact that the fluorescence signal 

intensity of a spray drop is proportional to the concentration of fluorescent molecules (i.e. 

the volume of the drop) under the condition that the laser light absorption is low enough 

for the molecules to be uniformly illuminated [22]. The grey level of the i-th and j-th 

pixel of the CCD array by the fluorescence signal can be expressed as follows [23]:  

 

   3
0, k k

k

G i j CI n d                        (3.3) 
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Where, C is a constant and I0, the incident laser beam intensity at the (i, j) pixel, is 

assumed to be constant within the pixel. Since the drop number density of the kth size 

class dk(nk) is the time-averaged value, the grey level in Eq. (3.3) indicates the total 

volume of drops which do not pass the unit volume but exist inside the volume during the 

camera exposure time, i.e. spatial volume (or mass) concentration of the liquid drops. 

Furthermore, the constant C in Eq. (3.3) is difficult to obtain, so that only the relative 

distribution of the spray mass concentration can be obtained directly from the PLLIF 

measurements. 

A laser sheet is formed by some combination of cylindrical and spherical optic. A 

digital camera is used for imaging the energy of interest. Depending upon the information 

desired, either continuous or pulsed lasers can be employed. If a suitable light source is 

selected in conjunction with a suitable test fluid, fluorescence can be induced. 

Fluorescence is dependent upon the concentration of the fluorescing molecules. If a 

molecule which can be made to fluoresce is present within the test fluid in a 

homogeneous fashion, then the fluorescence can be related to the volume of material. 

Some materials may fluoresce naturally (e.g. ringed hydrocarbons), while others may not 

(e.g. octanes, alchohols, water). In this case, suitable dye can be added to the fluid (e.g. 

rhodamine, fluorescein). If a dye is added, it can be selected such that is absorption 

spectra conveniently overlaps with common laser wavelengths. 
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CHAPTER 4 

SWIRL STABILIZED FLAME STRUCTURE AND 

RECIRCULATION ZONE 

4.1 Background and Objectives 

At the turn of 21st century, problems related with energy depletion and 

environmental pollution has become an important issue [1]. Under these circumstances, 

emission regulations have become more stringent. Many researchers have tried to develop 

a new type of combustor which burns fuel more efficiently and produces lower emissions 

[2, 3]. In the context of such efforts, a lean premixed combustor has been introduced and 

used for power generation all over the world. A lean premixed combustor produces less 

NOx than conventional gas turbines by burning the fuel at a low temperature. 

Conventional gas turbines that burning the fuel near stoichiometric condition have some 

advantages in terms of stability of combustion, but these produce locally high temperature 

regions which induce large amounts of NOx and soot production. On the other hand, lean 

premixed combustors can decrease combustion temperature significantly by burning the 

fuel near lean equivalence ratio conditions [4, 5, 6]. However, combustion instabilities 

occur under the lean burning conditions where they are designed to operate. To eliminate 

these instabilities and develop effective approaches for their control, the mechanisms 

responsible for their occurrence must be understood. The necessary condition for 

combustion instability was first determined by Lord Rayleigh [7] and can be summarized 

in the following mathematical expression called the Rayleigh Criterion. 

It means that combustion is unstable when the net rate of energy added to the 

acoustic field exceeds the net rate of damping provided by inherent dissipative processes 

such as heat and acoustic energy loss. It also shows that combustion instability can occur 

when the phase between pressure oscillations and heat release oscillations is less than 90°. 

During the last decade, the underlying mechanisms of combustion instabilities in lean, 
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premixed gas turbine combustors have been investigated. These involved mechanisms of 

the combustion instability and the physics of acoustic interactions in premixed gas 

turbines [8, 9, 10], the flame transfer function measurements and the coupling of 

combustion instability mechanisms [11, 12, 13, 14], and the dynamics and stability of 

lean premixed swirl-stabilized combustion [ 15, 16, 17].  

Other groups have investigated flow structures and flame behaviors in lean premixed 

gas turbine combustors via laser diagnostics. Observations included: flame behavior in a 

laboratory-scale premixed natural gas turbine combustor from Planar Laser Induced 

Fluorescence (PLIF) images of OH*, Laser Doppler Anemometry (LDA), and Coherent 

Anti-stokes Raman Spectroscopy measurements [18, 19], the investigation of flow field, 

structures, temperature and species distributions of swirl flames in a gas turbine model 

combustor [20, 21, 22]. Those two research parts have been performed somewhat 

separately, and studies on flow structures and flame behaviors are not well documented 

for confined laboratory gas turbine combustors in comparison with studies for unconfined 

combustors. This chapter has been performed to investigate the flow structure in cold 

flow and mechanism of the combustion instability in terms of flow structural 

characteristics. PIV measurements and dynamic pressure measurements were conducted 

simultaneously to examine the effects of structural characteristics on the combustion 

instability. The result strongly suggests that the formation of a recirculation zone and its 

structural characteristics contribute to the occurrence and development of combustion 

instability. 

 

4.2 Experimental Method and Conditions  

The combustor used for this study is a model gas turbine combustor simulating in 

1/3 scale a GE 7FA+e DLN-2.6 gas turbine combustor [23], characterized with partially 

premix and swirl stabilized flame. The form is as shown in Fig. 3.3. It consists of five 

main parts: an air heater, a fuel-air mixing section, a swirl injector, an optically accessible 
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quartz combustor section, and a plug nozzle. Regulated inlet air enters the electric air 

heater and is heated to 673 K. The air heater consists of three heating elements. Each of 

the elements uses 40 KW power and can be controlled individually. The air heater can 

maintain the desired temperature throughout the experiments. The heated air enters the 

mixing section through a chocking plate which is installed at the entrance of the mixing 

section to prevent mass flow rate oscillations and to provide a well-defined acoustic 

boundary condition. The mixing section is 550 mm long and has an annular cross section 

whose diameter is 40 mm. An axial-entry type swirl injector with 30° swirl vane angle 

was mounted in the mixing section 53 mm upstream of the dump plane. The swirl effect 

can be expressed by the swirl number, which is the ratio of the tangential momentum and 

the axial momentum. 

As for the working fuel in the model gas turbine combustor, this study used CNG 

(compressed natural gas) that has 89.4% methane. The fuel is issued from 10 holes 

located 20 mm upstream of the swirl vanes, and mixed with heated air by passing through 

the swirl vanes. The combustor consists of a stainless steel dump plane, an optically 

accessible quartz combustor section with an inner diameter 120 mm, and a length of 200 

mm, and a stainless steel variable-length section, which is blocked by a water-cooled plug 

nozzle. The length of the combustor, which is defined as the distance from the dump 

plane to the plug, can be continuously varied between 825 mm to 1125 mm by moving 

the plug nozzle along the axial direction of the combustor. The nozzle not only changes 

the length of the combustor but also defines the acoustic boundary condition for 

measurements of self-excited instabilities. The blockage ratio of the plug nozzle is 91%, 

which is large enough to set a proper acoustic boundary condition. All of the experimental 

conditions from this study are listed in Table 4.1. 

To measure the flow rate of fuel and air, combustion static pressure, exhaust 

emission and combustion dynamic characteristics of the model dump combustor, this 

experimental study used various kinds of sensors and a flow-meter to regulate the flow 

rate. First of all, to control the change of static pressure and air flow rate before and after 

the combustion experiment, a total of 6 static pressure sensors made by Valcom Company 
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were used. One was placed in the front and one in the back of the orifice, and two were in 

the front and back of the swirl injector, and two were in the combustor. A K-type thermo-

couple was used to measure the temperature. In all, the temperatures of 8 channels were 

measured, including air-supply (3ea), combustor (4ea), exhaust emission sensor location 

(1ea) temperature, and the temperature around the differential pressure gauge for the 

regulation of fuel and air flow rate. 

 

Table 4.1 Experimental conditions and parameters. 

Parameters Values 

Fuel type 
Natural gas  

[ CH4(89.4%) + C2H6(8.6%) + C3H8(1.39%) ] 

Inlet air temperature [K] 673 

Fuel temperature [K] 318 

Swirl vane angle 30°, 45° swirler (swirl number = 0.42, 0.72) 

Fuel-Air mixture velocity [m/sec] 40, 50, 60, 70 

Equivalence ratio (Φ) Blowout limit ~ 1.2 

Inlet mixing section length [mm] 550 

Combustor length [mm] 850 ~ 1082 

Blockage nozzle [mm] 128 (Blockage ratio : 91%) 

 

In this chapter, flame structures were obtained using Particle Image Velocimety (PIV) 

and OH* chemiluminescence. PIV is an attractive and useful technique for capturing 

instantaneous flow fields [24]. PIV is the simultaneous measurement of fluid or 

particulate velocity vectors at many (e.g. thousands) points, using optical imaging 

techniques. The measurements are usually made in planar “slices” of the flow field. It is a 

qualitative visualization method that can instantaneously capture 2-dimensional velocity 

fields, along with additional information such as turbulent intensity, strain rate, and 

vorticity. Several processes are required to get useful information, such as adding tracing 
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measurements in gas turbine combustors. However, 2-dimensional images of the 

instantaneous flow field provide new insights into the dynamics of turbulent swirl-

stabilized flames, which are very important for the understanding of combustion 

instabilities. Moreover, to measure the heat release oscillation of flame under stable and 

unstable combustion conditions, OH chemiluminescence was measured from the flame 

around the dump side. By using the high speed ICCD camera made by Photron Company, 

this study photographed flames at a speed of 6000 fps. This study was able to obtain the 

pressure oscillation and heat release values from the time axis in the same experimental 

conditions by linking with the dynamic pressure sensor, while locking the phase. 

4.3 Results of Recirculation Zones 

Previous researchers have used the size of the recirculation zone to examine the 

intensity of the recirculation zone which is based on how well recirculation zones move 

hot gases to the middle of the combustor and down into the ignition zone. Therefore, the 

intensity of the recirculation zone can be examined in terms of the size and the mass flow 

rate of hot burnt gases that the recirculation zone provides to the middle of the combustor. 

The examination of the zero axial velocity and the zero radial velocity helps define 

recirculation regions. The sizes of the recirculation zones are directly related to the height 

and width of the zero velocity contours.[26] Based on the size of the recirculation zone 

and the mass flow rate of hot burnt gases in the recirculation zone, the effect of each 

operating condition on the formation of recirculation zone was experimented. 

 

4.3.1 Effect of various combustion parameters in cold flow  

For the study of recirculation zones in cold flow, numerous experiments were 

conducted under the various operating conditions: fuel-air mixture velocities, equivalence 

ratios, and swirl numbers. Fig. 4.2 shows the averaged PIV images at different fuel-air 

mixture velocity conditions. The recirculation size can be defined by the contours of the 

zero axial and radial velocity. It is observed that the size of the recirculation zone 
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increases as the fuel-air mixture velocity increases form 40 m/s (Fig. 4.2 (a)) to 60 m/s 

(Fig. 4.2 (b)). The position of the vortex core was rarely changed and the magnitude of 

negative velocity vectors has increased as increase of the fuel-air mixture velocity. The 

formation of recirculation zones is the pressure gradient in the combustor so the trend 

with respect to the change of mixture velocities can be explained about the pressure 

gradient. The magnitude of the tangential velocity component is proportional to that of 

the axial velocity component determined by the fuel-air mixture velocity. According to Eq. 

(2.30), the magnitude of the pressure gradient is proportional to that of the square of the 

tangential velocity component, so the pressure gradient becomes larger as the mixture 

velocity increases. The pressure gradient disappears gradually along the axial direction 

because the tangential velocity component decays with axial distance. However, the more 

time and distance are necessary for the decay of the tangential velocity component under 

higher mixture velocity conditions, that is, the pressure gradient that is essential to drive 

the formation of the recirculation zone exist in the further downstream region under 

higher mixture velocity conditions. 
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4.3.2 Effect of combustion and instability characteristics 

Figures 4.5 (a) and (b) show values obtained through PIV measurement in a 

combustion field. After measuring 600 pairs of instant fields, this study calculated their 

average, which shows that a recirculation zone is formed in actual combustion conditions. 

To compare recirculation zone size, many researchers used the height or width of a 

recirculation zone, with the size of such a recirculation zone defined with borderlines 

connecting points whose axial-direction velocity and radial-direction velocity are 0 [18]. 

Fig. 4.5 (a) shows the characteristics of a recirculation zone formed under stable 

combustion conditions, while Fig. 4.5 (b) shows a recirculation zone formed in unstable 

combustion conditions. In this section, when combustion instability took place, it was 

observed that the size of a recirculation zone became remarkably enlarged. This finding 

indicates that the occurrence of combustion instability has an effect on the formation of a 

recirculation zone. Fig. 4.6 shows a calculating process used to simply compare the size 

of volume flux in a recirculation zone. Through this process, this study compared 

quantitative volume flux in a recirculation zone every moment in the random-phase PIV 

images in both flame stable and unstable conditions. 
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4.4 Analysis of combustion instability frequency 

To investigate whether a recirculation zone vibrates cyclically and what that 

frequency of the vibration means When it occurs, this study measured the OH* 

chemiluminescence with a high-speed ICCD camera. At each moment, the camera frame 

speed was set at 2048 Hz. Figs. 4.10(a) and (b) are the results arranged in each phase, 

which shows that flame vibrates cyclically in conditions of combustion instability (Fig. 

4.10(b)). In stable combustion conditions as shown in Fig. 4.10(a), it was observed that 

there was almost no change in the intensity of chemiluminescence signals, which shows 

that the form and size of flame were constant.  

This study converted the values of intensity of chemiluminescence images obtained 

in instability conditions to analyze the frequency. Through the sum of them, this study 

examined the change of intensity by time and performed FFT. As a result, it was found 

that it vibrated with its natural frequency, 315Hz of combustor longitudinal mode. As a 

result of FFT with dynamic pressure information obtained during the process of this 

experiment, the frequency was found to be 313Hz. Furthermore, when theoretical 

instability modes were calculated with the length of a combustion chamber (1.05 m), and 

temperature (868 K, the average obtained from 3 points on the combustion chamber) in 

the closed-closed boundary condition, this study found the natural frequency of 

combustor at 322 Hz. Since the average temperature of the entire combustion chamber 

was actually lower than the temperature measured, this study found that the fluctuation of 

flame, the fluctuation frequency of instability phenomenon, and the theoretically-

calculated unstable mode all have very similar values. This result supports the assumption 

that there is a direct relation between combustion instability and the fluctuation of a 

recirculation zone. 

A theoretical analysis to calculate this phenomenon is shown in Eq. (4.1) and Eq. 

(4.2). It is assumed that the movement course of energy in a gas turbine combustor is 

axial direction and the average temperature is constant with 1-D standing waves theory. 
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0
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               (4.1) 
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Combustion instability has an essential relation with the fluctuation of a recirculation 

zone, and it can be explained through procedures shown in Fig. 4.11. When combustion 

instability takes place, high pressure fluctuation occurs inside the combustion chamber. 

As mentioned above, the most important factor in forming a recirculation zone is the very 

formation of a pressure gradient inside the combustion chamber. However, when 

combustion instability takes place, a pressure gradient is not smoothly formed due to the 

pressure fluctuation inside the combustion chamber, which is needed for the formation of 

a recirculation zone. Consequently, the recirculation zone proceeds to vibrate under the 

influence of instability-caused pressure fluctuation. The vibration of a recirculation zone 

further causes mass flow rate fluctuation of high-temperature recycled gas needed for 

stable combustion. It is at this moment that, mass flow late fluctuation in recirculation 

zone leads to the fluctuation of heat release as one of the factors sustaining and 

developing combustion instability.  

In summary, the fluctuation in a recirculation zone functions as one of several 

factors causing and developing combustion instability. It can be regarded as an essential 

accompanying phenomenon when combustion instability takes place. 
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CHAPTER 5 

EFFECT OF FUEL-AIR MIXTURE VELOCITY  

5.1 Background and Objectives 

Combustion instabilities occur when different combustion processes combine in 

such a way that inherent disturbances in the system are self-excited via interactions with 

the combustion process. These are caused by complex, feedback-type interactions 

between periodic flow and combustion processes that produce a periodic heat addition, 

exciting large-amplitude acoustic oscillations in the combustor [1]. 

In addition, a recent study by Meier et al. [2, 3, 4] has shown the relation between 

ignition delay time and combustion instability occurrence by CFD and experimental 

studies using the PIV and PLIF measurements in a model gas turbine combustor. Candel 

et al. [5, 6] investigated the flame response by measuring the unsteady heat release 

induced by an imposed velocity perturbation and flame dynamic, which is documented by 

the calculating the phase averages. As concerns the flame vortex interaction research field, 

Kim et al. [7] investigated the effects of acoustic forcing on flame length and NOx 

emission in turbulent hydrogen non-premixed jet flames with coaxial air, which was 

acoustically forced at the resonance frequency of the combustor. Also, in order to 

examine mixing and dynamic behaviors during flame-vortex interaction, the local 

properties on the flame surface were characterized quantitatively. The behavior of the 

precessing vortex core (PVC) is also significantly altered by combustion heat release and 

by the system parameters (e.g. swirl number, axial velocity and geometry). Previous 

studies [8, 9] suggest that the type of combustion (i.e., premixed or non-premixed) can 

affect the PVC frequency and its intensity.   

However, there is no other research about the interaction of vortex structure and 

combustion instability phenomenon. The flame recirculation zone (flow patterns in 

combustion region) is very important, as it can modulate the air flow rate at instability 

condition and may be the source of instability by modulation local equivalence ratio. In 
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this chapter, we conducted experiments under various fuel-air mixture velocity and 

operating conditions with a model gas turbine combustor to examine the relation of 

combustion instability and flame structure using the OH chemiluminescence and multi-

channel dynamic pressure sensing system. 

5.2 Experimental Method and Conditions 

Figure 5.1 shows a schematic of a partially premixed, variable length, model gas 

turbine combustor (same as facility of Fig. 3.3). It consists of an air heater, an inlet 

mixing section, which is called the plenum, a swirl injector, an optically accessible quartz 

combustor section, a steel combustor section, and an exhaust duct. An air heater provides 

heated air (673K) to a combustor through an air inlet section. There is a choking orifice at 

the entrance of the air inlet section to provide a well-defined acoustic boundary condition 

and to protect the fluctuation of inlet air. In the inlet mixing section, the mixing process 

between the fuel and heated air is done by a swirl injector, which provides a spatially and 

temporally homogeneous reactant mixture to the combustor. The length of the steel 

combustor can be varied continuously from 850 mm to 1100 mm by moving a water-

cooled plug nozzle along the axial direction of the combustor. The temperature of plug 

nozzle varies from 350 to 490K, which is based on inlet velocity conditions. PCB 

102A05 piezoelectric transducers are used to measure unsteady pressure perturbations in 

the inlet mixing section and combustor section. Five pressure transducers are installed in 

the mixing section, and six pressure transducers are installed in the combustor, 

respectively. Five static pressure sensors made by Valcom inc. are used to measure the 

combustion static pressure and control the mass flow rate of inlet air and five K-type 

thermocouples are also used. 
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Table 5.1 Experimental conditions. 

Parameters Values 

Fuel type 
Natural gas  

[ CH4(89.4%) + C2H6(8.6%) + C3H8(1.39%) ] 

Combustor Length [mm] 1000 

Inlet Temperature [K] 637 

Equivalence Ratio (Φ) 1.2 

Swirl Injector 30° swirler (swirl number = 0.42) 

Mixture Velocity [m/s] 
30, 35, 40, 45, 

50, 55, 60, 65, 70 

 

5.3 Flame and Abel-inverted Images 

To investigate of flame structure and high-frequency phenomena, high-speed ICCD 

camera was used in this study. The recorded frame rate was 6000 frame/sec and image 

size was 512 by 512 pixels. The dynamic pressure sensor and high speed ICCD triggering 

signal were recorded to measure heat release rate oscillation and dynamic pressure at the 

same time. These data were also used for phase-locking of the chemiluminescence 

imaging. The phase-locking process is performed based on 6th dynamic pressure, which 

was located at the detached section of the existing flame zone. The peak amplitude of 6th 

dynamic pressure was selected as 0 degree and the OH chemiluminescence image is 

collected by 12 phases, which means that 30-degree gaps per phase and Abel-inversion 

was carried out for each averaged picture. Abel-inversion is the process by which 2D 

images can be reconstructed from an accumulated 3D image [10, 11]. So, that is indicated 

the analysis of flame structures.  

Figure 5.3 shows the three mixture velocity conditions for investigation of flame 

structure in stable and unstable condition. At 30 and 70 m/s fuel-air mixture velocity 

conditions, combustion instability took place and the stable condition is 50 m/s. First, a 

low velocity condition as some flame intensity changes according to phase changes, 
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5.4 Main Instability Frequency and Strouhal Number 

Figure 5.4 shows the experimental results of combustor temperature and instability 

frequency relation. There have separated into the three parts of low fuel-air mixture 

velocity instability region, stable region, and high fuel-air mixture velocity instability 

regions. The instability frequency and mean temperature of the combustion chamber have 

a linear correlation because the mean temperature of combustor affects the speed of sound 

about main combustion fluid and the instability frequency varies the increasing or 

decreasing temperature conditions. This analytic theory is well matched with the high 

fuel-air mixture velocity instability conditions from around 55 to 70 m/s. In contrast, at 

condition of low velocity instability condition about 30 and 35 m/s, combustion zone has 

much lower temperature zone via a high mixture velocity instability case and have a 

higher instability frequency. This phenomenon is not a general tendency of acoustic 

theory. This chapter main investigation is the relation between inlet fuel-air mixture 

velocity and combustion instability. Also, distinguish the difference between low and high 

levels of instability. To investigate such a relation, the flame structures during condition 

of instability will be discussed. 
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Figure 5.5 shows the FFT results, which means the local vortex frequencies in cold 

and hot flow condition. At cold condition, frequency was detected even though there was 

no acoustic forcing. This vortex instability frequency which was measured at vortex 

structure is same as the heat release rate instability frequency of the total flame oscillation 

(Fig. 5.5 (b), (d)).  

 

5.5 Combustion Instability Mode and Phase Analysis  

To analyze the frequency shifting characteristics, we performed a mode and phase 

analysis using the multi position dynamic sensing system in the flame at conditions of 

low and high fuel-air mixture velocity instability. First, the dynamic mode analysis was 

conducted with dynamic pressure sensors (#5) to confirm the instability mode at 30, 70 

m/s mixture velocity conditions. We assumed that both the combustor and the inlet 

mixing section have closed-closed acoustic boundary conditions which one-dimensional 

acoustic wave condition and constant temperature condition in each combustor and inlet 

mixing sections. Fig. 5.6(a) and 5.7(a) show the result of dynamic pressure mode analysis. 

Dots indicate experimental data obtained by dynamic pressure sensor and the mean 

pressure amplitudes at each position. Black dotted lines indicate the acoustic boundary of 

the inlet section and combustor. Solid lines indicate ideal standing waves of ideal acoustic 

boundary. The result of mode and phase analysis represents the longitudinal mode of the 

inlet mixing section and combustion chamber. Experimental data follow the ideal 

standing wave and are quite well matched which means that the mode of instability is the 

first half wave longitudinal mode of the combustor for all of fuel-air mixture velocity 

conditions. This means that no change in instability mode occurs during inlet velocity 

variation. In other words, frequency jumping is not the result of a change in instability 

mode. Second, we investigated the heat release and dynamic pressure sensor data which 

are located near the combustion section to use phase locking each other. At conditions of 

high mixture velocity instability as shown Fig. 5.6(b), there is an in-phase of heat release 
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and dynamic pressure sensor #5. There are combustion instabilities caused by the 

coupling between pressure oscillations and heat release oscillations and the necessary 

condition for sustaining the combustion unstable is explained by Rayleigh’s Criterion. 

But, at a low velocity instability condition as shown Fig. 5.7(b), heat release and pressure 

wave phase are delayed at around 130 degrees, in other words, the out-of-phase 

phenomenon occurs. This means that at conditions of low velocity instability there is 

another reason for the occurrence of combustion instability, except for the coupling of 

heat release and pressure perturbation waves. Conclusively, we found the frequency-

shifting phenomenon during a variety of inlet mixture velocity conditions. Based on mode 

analysis and heat release, as well as dynamic pressure data, there is no reason for the 30 

m/s mixture velocity case leading to the arising of combustion instability except the 

Rayleigh Criteria. From the Strouhal number result and direct images of the conditions of 

instability, it seems that fluid dynamic instability and vortex structure interactions are the 

main causes of frequency shifting during low fuel-air mixture velocity instability. 
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5.6 Dynamic Pressure Gradient Variation  

An analysis was conducted on the basis of a phase-averaged, Abel inversion 

transform image as identified above, and the structural change in flame according to the 

unstable phenomenon was largely analyzed into two types – changes in flame angle and 

flame length. A study was carried out on the pressure gradient that is formed inside of the 

combustion chamber and change in the flame structure based on dynamic pressure 

fluctuations inside the combustion chamber. For the pressure gradient, the information 

concerning the dynamic pressure on no.5 sensor at the front of the combustion chamber 

(fuel-air nozzle exit) and on no.6 sensor closest to the combustion chamber from the 

exhaust exit was used. 

It was confirmed through measuring that the unstable flame under high fuel-air 

mixture velocity conditions showed a higher value in the constant pressure at the front 

end of the combustion chamber than the exhaust duct. Looking into the phase 120° ~ 270° 

zone showing an increase in the dynamic pressure at the front end, as shown in Fig. 5.8(a), 

the pressure at the front of the combustion chamber increase as much as dynamic pressure, 

with the exhaust duct also showing an increase, but the growth rate is expected to be 

relatively small. That is, the mass flow rate is expected to increase by the pressure 

gradient relatively getting greater and this phenomenon can be confirmed through a 

substantial change in length and brightness of the flame. On the contrary, checking the 

area where the pressure at the front of the combustion chamber decreases more than the 

exhaust duct pressure brings an expectation that the dynamic pressure at the front of the 

combustion chamber is relatively reduced more than the dynamic pressure at the back, 

which would lead to a relative decline in pressure gradient formed inside the combustion 

chamber. That is, the overall flow is expected to be less and this phenomenon can be 

confirmed through the phase-averaged OH chemiluminescence images. The unstable 

flame under fuel-air mixture velocity conditions, shown in Fig. 5.8(b), is confirmed to 

have a different behavior from the flame under high fuel-air mixture velocity conditions. 

When the constant pressure was first measured, the pressure difference between front and 
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rear of the combustion chamber was almost constant. Therefore, it is expected that the 

flame will be retarded in an area where the dynamic pressure at the front of the 

combustion chamber relatively gets smaller than the rear, that is, in an area where the 

pressure gradient relatively gets lowered. Unlike the fact that the brightness of flame 

under high fuel-air mixture velocity conditions is reduced, it is possible to check that the 

brightness of flame becomes brighter than the flame of low mass flow rate on average. 

Besides, it was possible that the vortex structure developed at the flame edge and the 

vortex structure developed this way was pushed backward while gradually losing the 

flame brightness by the rise in mass flow rate in an area where the pressure at the front of 

the combustion chamber increases. In other words, an explanation can be presented as to 

changes in flame length through the pressure gradient formed of combustor inside. 

Especially the flame under low fuel-air mixture velocity conditions was confirmed to 

reveal characteristics different from the flame under high fuel-air mixture velocity 

conditions such as forming the vortex structure at the flame edge. 

We conducted an analysis on the basis of variation in flame angle, illustrating a 

graph through the flame angle for each phase and the OH chemiluminescence intensity. 

Fig. 5.9 could check out change in flame angle and heat emissions, and that the behavior 

of the 5th dynamic pressure sensor closest to the combustion chamber displays a small 

phase difference and issues a sequential vibration. That is, it can be confirmed that this 

does meet the Rayleigh’s criterion that causes combustion thermo-acoustic instability. On 

top of this, it is possible to confirm that the fluctuations caused by heat release rate 

oscillation through the phase difference in each data are propagated to the upper class and 

that such a fluctuation in pressure waves causes a change in flame angle. The paper of 

Candel et al. [14, 15] once reportedly says the pressure fluctuations change the swirl 

number of a swirler to bring change to the flame structure. This means that the flame 

structures are influenced by mixture perturbation and this oscillation changes the flame 

angles. 
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Equation (5.1) shows that velocity fluctuation results in swirl number perturbation 

and dynamic pressure oscillation. Therefore during at instability conditions when pressure 

oscillation occurs, it results in swirl number perturbation and this phenomenon has an 

effect on flame stability and fluctuation of heat release. As identified in Fig. 5.10, a 

difference is created if the identical analysis is performed in instability under low fuel-air 

mixture velocity conditions. The order of generating heat release rate oscillation wave 

and pressure fluctuations and change in flame angle is consistent, but its phase difference 

can be confirmed to be over 90° or close to 90°. 
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CHAPTER 6 

EFFECT OF FUEL-AIR MIXING SECTION 

6.1 Background and Objectives 

This chapter is focused on studies of combustion instability characteristics relate 

with the model combustor length and inlet mixing section geometry. Previous studies 

were conducted to observe the phenomenon of combustion instability and flame structure 

[1, 2] in the combustor having a simple fuel nozzle with the swirl effect and to investigate 

a method of analyzing the cause and mode of combustion instability [3, 4]. Based on the 

results of the previous studies, however, this chapter observed the phenomenon of 

combustion instability by changing the combustor length and its fuel-air mixture velocity 

to discover the characteristics of the combustion instability mode and their kinds in a 

combustor simulating an actual gas turbine for power generation. At this point, this study 

of fuel-air mixing section geometry confirmed the conditions of heat release oscillation 

by changing the fuel-air mixture velocity and equivalence ratio and verified the exact 

causes of combustion instability by analyzing the instability modes and phases appearing 

during the combustion instability by multi-channel dynamic pressure sensing 

measurement [5] in both the combustor and the inlet mixing section. 

6.2 Experimental Method and Conditions 

The combustor used for this study is a 1/3 scale model gas turbine combustor 

simulating the GE 7FA+e DLN-2.6 gas turbine combustor, which is characterized with 

premix and a swirl-stabilized flame as shown in Fig. 6.1. The model is composed of an 

air-heating device, air supply lines, fuel nozzles, a flame visualization quartz combustor 

and a spike-typed plug nozzle for the exhaust duct as an acoustic boundary. As one of the 

main variables for this experimental study (as shown in Table 6.1.), the fuel-air mixing 

section was located between the combustor dump-side and the choking orifice at the back 
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of the air-heating device, which came in three lengths, 470 mm, 550 mm, and 870 mm, 

although all inlet mixing section had an inner diameter of 40 mm as shown in Fig. 6.2. 

Table 6.2 shows the experimental conditions of this chapter. A swirl injector used for this 

device is an axial-typed injector, which has 10 swirl vanes set at the angles of 0° and 30°. 

Fuel is injected at 20 mm detached spot from the swirl vane, 10 nozzles, each of which 

has a 1.2 mm-sized hole, and is pre-mixed with air through the 140 mm-sized mixing 

length. The swirl number of the swirl injector used for this research was about 0.42. A 

circular stainless steel (@ case 1, 2) and a quartz tube (@ case 3 ~ 8) for the flame 

visualization were alternately used, and the diameter inside the combustor was 120 mm. 

The plug nozzle placed at the exhaust duct was supposed to function to change the 

resonant frequency of the combustor by making an acoustic boundary that blocks 91% of 

the combustor exhaust duct, which was designed to regulate the length of the combustor 

by 0.1 mm from 800 mm to 1680 mm through the stepper motor located in the exhaust 

part of model gas turbine combustor. 
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Table 6.1 Experimental cases for various combustion instability conditions. 

Test case 
Injector 

type 

Combustion 

instability 

mode 

Inlet length 

[mm] 

(Plenum) 

Combustor 

length  

[mm] 

Mixture 

velocity 

[m/sec] 

Equivalence 

ratio  

(Φ) 

Case 1 No swirl 1L 470 1000 70 0.9 

Case 2 No swirl 2L 470 950 70 1.1 

Case 3 30° swirl 1L 470 1000 70 1.1 

Case 4 30° swirl 2L 470 950 40 1.2 

Case 5 30° swirl 1L 550 1050 70 1.0 

Case 6 30° swirl 2L 550 950 40 1.1 

Case 7 30° swirl 1L 870 1650 60 1.1 

Case 8 30° swirl 2L 870 1650 70 0.8 

 

 

 

 

 

 

 

 

 

 

 

 

 



 86

Table 6.2 Experimental conditions. 

Parameters Values 

Fuel type 
Natural gas  

[ CH4(89.4%) + C2H6(8.6%) + C3H8(1.39%) ] 

Inlet air temperature [K] 673 

Fuel temperature [K] 318 

Swirl vane angle No swirl, 30° swirl (swirl number = 0.42) 

Mixture velocity [m/sec] 30, 40, 50, 60, 70 

Equivalence ratio (Φ) Blowout limit ~ 1.2 

Inlet mixing section length [mm] 470, 550, 870 

Combustor length [mm] 800 ~ 1680 

Blockage nozzle [mm] 128 (Blockage ratio : 91%) 

 

To observe the oscillation of dynamic pressure occurring during the combustion 

experiment, we used five 102A05-type dynamic pressure sensors, manufactured by PCB 

Company, for the inlet mixing section and six for the combustor, as well as infinity 

probes, which suppress the reflected wave of dynamic pressure [6, 7]. In addition, the 

sampling rate was observed by receiving 10,000 data per second, and through Fast 

Fourier Transformation (FFT) techniques, it was possible to analyze them up to 5,000 Hz. 

Moreover, OH* chemiluminescence was measured from the flame around the dump side. 

By using a high-speed ICCD camera made by Photron Company, we photographed 

flames at the speed of 1/6000 fps, and were able to obtain the pressure oscillation and 

heat release values from the time axis in the same experimental conditions by phase 

locking the dynamic pressure sensor. 
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6.3 Stability Map 

By conducting a combustion experiment in different experimental conditions with a 

model gas turbine combustor, this study conducted an experiment to confirm the flame 

stability map. Fig. 6.4 is a graph showing the dynamic pressure values observed in all the 

experimental conditions when the angle of swirl was 0° and the length of the fuel-air 

mixing section was 470 mm. At this point, the 4th dynamic sensor detached from the 

dump plane was used as the standard dynamic pressure point. As shown in the graph, as 

the mixture velocity increased, the combustion tended to be unstable, and especially the 

combustion generally appeared unstable when the fuel-air mixture velocity was 70 m/s. In 

conditions where the fuel-air mixture was higher in the velocity region, the modes of 

combustion instability were divided into two kinds, depending on the combustor length 

and the equivalence ratio. Also, in the sections where the fuel-air mixture was lower in 

the velocity region, an insufficient supply of heat energy led to unclear acoustic 

boundaries, as well as failing to cause the phenomenon of thermo-acoustic instability. 

Also, it was found that instability did not occur under all of the conditions of the 

combustor length but in specific conditions of the combustor length, between 950 to 1050 

mm. In other words, in the condition of combustor resonant frequencies calculated on the 

assumption that the combustor is a closed boundary condition, combustion instability 

took place by coupling with heat release oscillation, through which the combustion length 

was verified as an important variable causing combustion instability [8, 9, 10]. 

Figure 6.5 is a graph showing the dynamic pressure values observed in all the 

experimental conditions when the fuel-air mixing section length was 470 mm with 

conditions of the 30° swirl effect. At this point, 6th dynamic sensor detached from the 

dump plane was used as the standard point. In the graph with a 470 mm inlet mixing 

section with a length condition of 30 m/s in the mixture velocity, another kind of 

combustion instability phenomenon occurred. This is caused by the flame vortex, which 

in turn result from a low mixture velocity according to the geometric condition of a 

provided dump combustor. This, in turn is, not a phenomenon of thermo-acoustic 
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Figures 6.7 and 6.8 is a graph showing the dynamic pressure values observed in all 

the experimental conditions when the angle of swirl was 30° and the length of the fuel-air 

mixing section was 550 and 870 mm. Thus, this study found that the length of the fuel-air 

mixing section in the driving part of the combustor is important variable causing 

combustion instability, which will be verified by analyzing mode and phase analysis from 

the result values on next section and multi position dynamic pressure sensing system. To 

find out if the specific combustion instability characteristics of 2nd longitudinal mode (2L), 

appeared in another experimental condition, it was tested in different lengths of the 

mixing section, such as 550 mm and 870 mm. When the length of the mixing section was 

550 mm as shown in Fig. 6.7, the flame stability map, combustion instability 

characteristics were found to occur in all the mixture velocity conditions as well. As a 

result, it was clear that in the mixture velocity condition related to the mixing section 

length where fuel and air get mixed well with about 0.42 swirl number, combustion 

instability characteristics existed as well. As result from previous section, however, it was 

confirmed that the combustion instability phenomenon doesn’t appear in all the 

combustion chamber length conditions, but instability characteristics became stronger as 

the combustion chamber became longer in length. When the mixing section length was 

870 mm as shown Fig. 6.8, this experimental study attempted to find out if the instability 

frequency of 2L mode occurs in other frequency band domains, not in such similar 

conditions as 470 and 550 mm in the length of the mixing section. Therefore, by changing 

the mixing section length, this experiment provided a flame stability map by confirming 

all the experimental variable conditions. As shown in the picture, as the higher mixture 

velocity condition into the combustion chamber, heat flux energy increases as well, 

leading to confirming that combustion instability characteristics also increase. Besides, it 

was also found that combustion instability characteristics occurred in a specific length of 

the combustion chamber through the coupling of heat release and acoustic oscillation 

energy.  
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To analyze the combustion instability frequency, on the assume that acoustic waves 

occurring inside the combustion chamber was a 1-dimentional acoustic wave and the 

temperature was constant value in the combustion chamber, the resonant frequency of the 

combustion chamber was predicted. The predicted frequency of longitudinal mode (n=1) 

of the combustion chamber had a range of about 330 ~ 490 Hz, but in this study, it was 

found that the combustion instability characteristic mostly appeared in an experimental 

condition where the longitudinal mode was in the frequency band of 367 ~ 404 Hz. This 

experiment also found that when the resonant frequency of the combustion chamber, 

calculated by the length and temperature of a combustion chamber, accorded with a 

specific frequency, a strong combustion instability phenomenon appeared. Also, there 

have different of secondary instability mode around 829 Hz. This instability frequency 

indicated that second half wave mode of combustor and quarter wave mode of inlet 

mixing section acoustic boundary which is related to closed-closed acoustic boundary 

condition of combustor and closed-opened boundary condition of plenum. And this 

experimental study has been almost same combustion instability characteristics in another 

inlet mixing section length conditions.  
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When the inlet mixing section length changed to 470, 550, and 870 mm, the FFT 

spectrum of the main frequencies of combustion instability was affected by the change of 

the equivalence ratio, which is shown in Fig. 6.10. When the circumstances of the inlet 

mixing section length were 470 mm with a combustor length condition of 1000 mm 

without a swirl effect and the fuel-air mixture velocity was 70 m/s, the equivalence ratio 

was 0.9 and 1.2 respectively, and the combustion instability appeared strongest when the 

equivalence rate was 0.9. At this point, the combustion instability frequency was 375 Hz. 

That is, a phenomenon was found in which the frequency of combustion instability 

changed by the combustor length, and when it was outside of the specific instability 

frequencies, the combustion instability phenomenon disappeared. When the equivalence 

ratio was 1.2 and the length of a combustor was 950 mm, the combustion instability 

phenomenon appeared at the strongest. Also, when the combustor length tuned where a 

specific frequency of, 829 Hz, and the acoustic mode of a combustion chamber accorded 

with each other, a strong combustion instability phenomenon appeared. Furthermore, 

when the inlet mixing section length was 550 mm and the equivalence ratio was 1.0, the 

combustion instability mode occurred relative to the 1st longitudinal mode (1L) of the 

combustion chamber while the length of the combustion chamber was changing to 1050 

mm. In the case when the equivalence ratio of 1.1 became larger, an instability mode 

occurred related to the inlet mixing section length. Likewise, even when the inlet mixing 

section length was 870 mm, the instability mode changed as the equivalence ratio 

changed. In consequence, we discovered, the phenomenon in which the average 

temperature changes as the inlet mixing section mixture velocity and the equivalence 

ratio change, further changing the instability frequency, and the combustion instability 

mode suddenly changes by the matching of the lengths of the combustion chamber and 

the inlet mixing section. 
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decreases, and the result of the 1L mode shows the combustion instability characteristics 

in conditions related to the inlet mixing section length of an injector group having swirl 

effect. Also, it was found that as the equivalence ratio increases, the heating energy of the 

combustion chamber increases as well, leading to thermal choking. Then, the acoustic 

boundary of the combustion chamber became clearer, which made it possible to see the 

size of the increase in combustion instability. 

As shown in Fig. 6.11(b), where the inlet mixing section length was in a short 

condition (470, 550 mm), that is, in the section where the 2L mode changed to high 

frequencies, since the temperature and length of the combustion chamber accorded with 

those of the fuel-air mixing section, the combustion instability of the 2L mode was 

suitable for the inlet mixing section and combustor lengths in the section over 1.0 of the 

equivalence ratio, and as the energy dispersion into surrounding areas became larger than 

the case of the 1L mode, the size of the instability was found to be smaller by about on 

half. On the contrary, in the section where the frequency of the 2L mode was in the low 

instability frequency region with 870 mm in the length of the fuel-air mixing section, the 

2L mode occurred when the equivalence ratio was low. It was also found that in a 

condition where the equivalence ratio was high, the 1L mode occurred. This was because 

in a flame condition where the combustion chamber temperature became suitable to 

accord with the frequency, the relevant combustion instability phenomenon occurred as 

well. A theoretical analysis likely to calculate this phenomenon is as shown in Eq. (4.1) 

and (4.2). And it is assumed that the movement course of energy in a gas turbine 

combustor is in the axial direction and the average temperature is constant with 1-D 

standing waves theory. 
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Figure 6.12 shows the combustion instability characteristics depending on the 

change of the combustor length. As explained earlier, the reason why the 1L and 2L 

modes have main combustion instability is not because of the conditions related to the 

combustor length condition but because of the conditions related to specific combustion 

chamber lengths. Especially, in an instability case where the 2L mode occurred, it was 

found that instability modes appear when the acoustic boundary of the inlet mixing 

section accords with the frequency corresponding to the second quarter wave mode. All 

of the experimental results from this study are listed in Table 6.3. 

 

Table 6.3 Experimental results for various combustion instability conditions. 

Test case 

Plenum 

temperature 

[K] 

Combustor 

temperature 

[K] 

Main 

instability 

frequency 

[Hz] 

Main 

instability 

magnitude 

(p’/pmean) 

Estimate 

value of 

plenum  

[Hz] 

(Quarter 

wave mode) 

Estimate 

value of 

combustor 

[Hz] 

(Half wave 

mode) 

Case 1 397 1150 378 0.1242 276 375 

Case 2 398 1268 829 0.0351 829 827 

Case 3 395 1126 358 0.0531 264 353 

Case 4 396 1068 790 0.0189 791 785 

Case 5 401 1116 361 0.0548 237 360 

Case 6 403 995 735 0.0253 712 750 

Case 7 385 1050 231 0.0578 144 225 

Case 8 388 950 425 0.0673 432 442 
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6.5 Combustion Instability Mode and Phase Analysis 

For the combustion instability phenomenon to take place in a model gas turbine 

combustor, acoustic waves and heat release waves, which are likely to appear due to the 

form of the combustion chamber, are required to interact with each other. Basically, 

therefore, combustion instability frequencies are generated by the acoustic wave from the 

combustion chamber or the fuel-air mixing section connected to it. Fig. 6.13(a), 6.14(a), 

6.15(a) and 6.16(a) show the results of the combustion instability of the 1L mode having 

frequencies between 240 and 350 to 400 Hz occurring in specific combustion chamber 

lengths, fuel-air mixture velocities, and equivalence ratio conditions and also show the 

pressure oscillation magnitude and phase differences observed from 11 dynamic sensors 

installed in the fuel-air mixing section and the combustor section. The lines in the graphs 

show the estimated values of dynamic pressure in each location of the combustion 

chamber, and the round red dots show the values of dynamic pressure measured in each 

location. As shown in the graphs, most of the dynamic pressure values obtained from 

each location are almost the same value as the estimated ones, but there was a slightly 

different value in the dynamic pressure data from the end of the combustor because of the 

lower temperature around the blockage nozzle located at the back of the combustion 

chamber. In the case that the length of the inlet mixing section with no swirl effect was 

470 mm, as the sensor located in the air supply device got closer to the combustion 

chamber, the phase difference got smaller, further having almost the same phase and 

oscillation in the combustor. This is well described with square-shaped black dots 

indicating phase differences from the standard dynamic sensing point. Likewise, from 

such different length conditions as 470, 550, and 870 mm along with a 30° swirl effect, 

the same experimental results can be obtained. Furthermore, based on the middle location 

of the combustion chamber where the pressure node is located, it was found that there 

was a phase difference of about 180° in the values of dynamic sensors in the front and in 

the back of the combustion chamber. This can be explained by reference to the response 

characteristics of a flame, as described in a recently conducted research titled “Flame 
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Transfer Function” [17, 18]. Specific frequency bands where combustion instability 

appears strong are determined by the combustor length, the location of a fuel injector, and 

the type of fuel-air mixing. When a combustion instability, the pressure oscillation from 

the combustion chamber appears stronger than that from the air supply line, through 

which the flame response function of a combustor used for the related experiment can be 

obtained, thus predicting that the band of 240 Hz and between 350 and 400 Hz can be the 

maximum frequency band by which the flame is affected by acoustic waves around the 

1L mode, depending on the length conditions of the inlet mixing section. 

Figures 6.13(b), 6.14(b), and 6.15(b) show the amplitudes and phase differences of 

the pressures measured when the combustion instability phenomenon takes place mainly 

in a higher equivalence ratio between 1.0 and 1.2. At this point, the acoustic wave of the 

combustor was assumed to be in the half-wave mode, and for the inlet mixing section, it 

was assumed to be in the quarter-wave mode. The lines in the graph show the expected 

values of the longitudinal mode (n = 2) of the combustion chamber, while the dashed 

lines show the expected values of the longitudinal mode (n = 2) of the fuel-air mixing 

section. Each dot shows the pressure amplitude measured from the dynamic sensors in 

each position. In addition, the fifth dynamic sensor is the one located after the swirler and 

was found to be greatly affected by the pressure field of the combustor section. Like the 

previous results, most of the dynamic pressure values tend to be almost the same as the 

expected values, and in a condition in which the combustion instability phenomenon 

appears, which corresponds to the longitudinal mode (n = 2), the same results can be 

observed. Square-shaped black dots show the phase difference between dynamic pressure 

sensors, and in a spot between 1/3 and 2/3 of the combustion chamber, the pressure node 

appears, and it was found that the phase difference of dynamic pressure sensors in the 

front and in the back of the spot was about 180°, through which it was possible to confirm 

the combustion instability of the 2L mode connected with the combustion chamber and 

the fuel-air mixing section that are assumed above. Unlike the 1st longitudinal mode (n = 

1), which is describe in the previous results above, the pressure value measured from a 

pressure sensor located in the inlet mixing section was a little higher than that measured 



 109

from the combustion chamber. Therefore, when such a combustion instability 

phenomenon takes place, the pressure oscillation occurring in the inlet mixing section has 

large values around 10%, compared to the average static pressure, through which the 

combustion instability phenomenon of the 2L mode has an effect on the acoustic pressure 

field occurring in the inlet mixing section and even on the oscillation of the supplied fuel-

air mixture. In this experiment, when the combustion instability phenomenon takes place 

in each frequency band, the fluctuation of the equivalence ratio due to the oscillation of 

the supplied fuel-air mixture can be regarded as combustion instability caused by a 

relatively strong pressure oscillation from the inlet mixing section, rather than being 

amplified through interaction with acoustic waves. When such a phenomenon of 

combustion instability appears, not only the resonant frequency of a combustion chamber 

but the resonant frequency appearing in the inlet mixing section are calculated as values 

similar to the frequency of combustion instability. 

In a condition where there is no swirl effect as shown in Fig. 6.13(b), the frequency 

of combustion instability obtained from this experiment was found to be 829Hz, and the 

resonant frequency of the fuel-air mixing section, which was calculated by 1-D acoustic 

wave theory, was found to be 829 Hz and the resonant frequency of the combustion 

chamber was 827 Hz. This appeared equal in the various other inlet mixing section 

experimental conditions, and, depending on the mean temperature conditions of the 

combustion chamber and its inlet mixing section, the instability frequency became a little 

lower. However, given the results of this research on the modes and phase differences of 

dynamic pressure, this study verified the validity. It is the same in the condition as shown 

in Fig. 6.16(b), where the equivalence ratio was formed to the contrary, and it was found 

that when the combustion instability phenomenon of the 2L mode with relatively high 

frequencies actually took place, the form of the fuel-air mixing section is greatly affected.  
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CHAPTER 7 

SPRAY CHARACTERISTICS OF CANTED 

INJECTION ANGLES 

7.1 Background and Objectives 

The liquid spray jet, which injects perpendicularly into the crossflow, is used as the 

fuel, air and steam injection device for propulsion units. These units then take the air as 

the oxidizer, such as the secondary injection for RQL burner, liquid ramjet engine, 

running on the power obtained through the combustion of the mixture of the air and the 

fuel, or the after-burner of the gas turbine engine. In addition to these propulsion and 

power devices, it is also used in the flow control for the aircraft engine performance 

enhancement and stability, the film-cooling of the turbine blades, and, recently, the 

second fuel injectors to actively control the combustion instability of the liquid ramjet 

engine or the gas turbine engine. As shown in Fig. 7.1 the injection structures of the 

vertical spray jet are generally defined according to three types: the liquid column region 

which is maintained in proportion to the size of the injector exit immediately after the 

initial injection; the liquid clumps (ligaments) region where the droplets are bigger than 

the droplets of the wake flow due to the start of the division generated by the injection 

velocity of the fluid and the drag of the air-flow field and later on, the spray plume region 

(droplet region) where the atomization into tiny droplets occurs as it proceeds to the wake 

flow.  

Also, the trajectories of the test spray jets are classified into two types: the trajectory 

of the liquid column region which is the liquid column of the test fuel immediately after 

the initial injection and that of the spray plume region formed by the small droplets after 

the breakup point. Each of the spray jet trajectories infers the exiting distance of the 

flames as being mixed with the cold air or hot one, decides the shape of the combustion 

chamber depending on the design of the injector, and can decide mixing time of the fuel 
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representative research on the trajectory of the vertical injection, whose fuel injection 

angle with the crossflow of the air is 90°, is as follows; Schetz and Padhye et al. [1] 

suggested that the maximum penetration height is the distance required to turn the 

momentum flux of the liquid jet injection into the air flow direction. They stated that the 

penetration height is approximately ~6.25 times the nozzle diameter and that it relates to 

the liquid/gas momentum flux ratio. Wu et al. [2] derived the spray trajectory and the 

breakup point of the liquid column region from the free-body diagram of the force 

equilibrium [3, 4]. Nguyen and Karagozian et al. [5] predicted the trajectories under the 

combustion condition and the non-reaction condition by converting the interaction 

between the crossflow and the fuel injection liquid column into a numerical modeling 

method. Tamaki et al. [6] performed a study on the spray injection and breakup 

characteristics of the cavitation phenomena decided by the internal shape of the orifice. 

Song et al. [7] found that cavitation or hydraulic flip effect has an influence on trajectory 

and Sauter Mean Diameter (SMD) of spray plume region. An introduction of effective jet 

diameter and effective jet velocity with various spray conditions was proposed. 

For the research on the spray whose injection angle is less than 90°, Fuller et al. [8] 

suggested the liquid column trajectory relation at the injection jet using the same method 

as Wu et al. Also, the research on the liquid column location defines the breakup regime 

parameter in proportion to the aerodynamic breakup, which breaks due to rapid air-flow 

depending on each injection condition and spray angle, and the non-aerodynamic breakup, 

which in turn breaks due to the inertia and the turbulent forces that the jet itself has 

without getting influenced much by the air, and deprives the relation to the breakup point 

through the experiments. Also, Costa et al. [9] confirmed that the liquid column region 

trajectory relation of the injection is influenced more by the injection velocity than the 

crossing air velocity, and analyzed the phenomena using the SMD by the fuel injection 

angle, through the research on the injection angle of less than 90°.  

Therefore, this research suggests the relation between the liquid column trajectory 

and the distance to the breakup point at various forward injections through high resolution 

direct photography technique [10, 11, 12] and PLLIF (Planar Liquid Laser Induced 
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Fluorescence), which is an applied measurement technique, conducts the comparison 

analysis with the prior research findings and additionally aims to confirm the relation to 

the reverse injection. 

 

7.2 Experimental Methods 

7.2.1 Design of angle injectors 

The exit diameter of the injector (d) was fixed at 0.5 mm, and the internal structure 

of the injector was formed by the orifice and the chamber. The diameter of the chamber 

(D) is 12 mm and here, the type of internal flow is decided depending on the ratio of the 

orifice length (L) and diameter (L/d), and it is known that hydraulic flip occurs generally 

when L/d ≤ 8 [6] and in other cases, instead cavitation phenomena occur. Also, the flow 

with or without cavitation is decided by the curvature of the inner chamber and orifice. 

Since this research did not consider the phenomenon of the internal flow of the injector 

by the cavitation or hydraulic flip, the curvature was set as R/d = 1, which indicates that 

the inlet radius (R) and the orifice diameter are the same. It is known that when R ≥ 

0.14d, normally the vena-contracta does not form and coordinately the cavitation does not 

occur either [6]. Fig. 7.2 is a picture of the injector shape used for this research. For the 

study of injection characteristics according to injection angle, we were manufactured the 

orifices of the various injection angles such as 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135° 

and 150°. 
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Table 7.1 Experimental conditions. 

Parameters Values 

Air velocity [m/s] 60 

Air temperature [K] 300 

Fuel temperature [K] 318 

Fuel Water + Ethanol 

(Mixture ratio) Water : Ethanol = 4 : 1 (Ethanol 20%) 

Orifice diameter [mm] 0.5 

Orifice shape Inner round edged (L/d=20) 

Pressure Differential [∆P, bar] 1, 2, 3, 4, 5 

x/d 
40, 60, 80, 100, 120 

(Normalized Transverse Distance)

Injection angle 30°, 45°, 60°, 75°, 90° 105°, 120°, 135°, 150° 

(Normalized Transverse Distance) (Forward injection) (Reverse injection) 

 

 



 

7.

inj

inj

th

wi

ph

f/2

(C

Fig. 7.2 Ang

 

2.2 Experim

The liqui

njection who

njection whos

he direct pho

ith a Canon

hotography. 

2.8 1-5x Ma

Canon EOS 2

(a) 

gled injector

mental appa

id column tra

ose injection 

se injection 

tography tec

n EF 100m

And the liqu

cro Photo le

20D) and the

r shape; (a) ro

aratus and co

ajectory of th

angles are 

angles are 1

chnique, the 

mm f/2.8 Ma

uid breakup 

ns. The phot

e stroboscop

123

 

ound-edge o

onditions 

he injection a

30°, 45°, 6

05°, 120°, 1

photos for th

acro USM 

distances w

tos were tak

pe, the light s

rifice (L/D =

and the break

60°, 75° and

35° and 150

he liquid col

lens which 

were taken w

ken by synch

source; the e

(b) 

= 20), (b) ang

kup length, f

d 90°, and o

0°, was meas

lumn trajecto

supports h

with a Canon

ronizing the 

expansion ra

gled orifices.

for the forwa

on the rever

sured. First, 

ory were tak

high resoluti

n MP-E 65m

digital came

atio per pixel

. 

ard 

rse 

for 

ken 

ion 

mm 

era 

l is 



 124

about 2~10㎛. About 2000~3000 photographs for each experimental case of the trajectory 

and the breakup point of the liquid column region were taken to maintain the 

experimental error range within 5% [13]. Also, the injection structure was observed using 

the PLLIF technique, which is capable of measuring the intensity values of the 

fluorescence signal and the scattering signal for the comparison analysis with the present 

experimental results of the trajectories and the breakup length obtained by direct 

photography technique.  

Figure 7.3 shows the experimental devices for PLLIF and the direct photography 

techniques. The mixture of water and ethyl alcohol (of volumetric ratio 4:1) was used as 

working fuel, and the fluorescent (C20H12O5, Aldrich F245-6) of 30 mg was dissolved into 

the simulant working fuel of 1 liter. Because of the fluorescent absorbs light in the 

wavelength range from 400 to 530 nm, and the experiment fuel was heated to 318 K to 

obtain the non-cavitation flow. For the specific gravity of the experiment working fuel, 

the fuel similar to that of the previous research result was used, and the working fluid 

similar to the fuel specific gravity at the real combustor was used. The size of the visible 

area is 50 mm x 50 mm x 330 mm, air with a velocity of 60 m/s was blown in by the 20 

hp blower, and the stabilized air in the settling chamber was supplied to the test section 

after passing through the honeycomb for the uniform air-flow. 

For the LEXEL’s, an argon-ion laser was used, and for the major beam, Dantec’s 

fiber-optics were used to convert into the planer beam. The fluorescence signal and the 

scattering signal obtained by PLLIF were installed into the digital camera Canon EOS 

D30 with the 28-105mm standard lens, and the 2X Vivitar enlargement lens was installed 

so that the image could be enlarged and taken. The high-pass filter that detects the 550 

nm wavelengths and the band-pass filter that detects the 514±5 nm wavelengths were 

installed into both cameras to obtain the fluorescence signal and the scattering signal. It 

was possible to obtain the experimental values by scanning the picture gained by the 

PLLIF scattering signal through the image processing and by considering the point where 

the lights are rapidly scattered as the breakup point. 
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effects, under the normal injection conditions that the fuel injection pressure differential 

is 3 bar and that the momentum flux ratio is 65.  

In the forward injection whose angle is less than 90° and in the reverse injection, as 

the fuel velocity q increases, the jet velocity increases accordingly so that it can be 

confirmed that the penetration distance of the crossflow into the air-flow field also 

increases. As shown in the following Fig. 7.4, in the area with the injection angle of less 

than 90°, as the injection angle decreases, the liquid column gets straighter and the 

penetration distance becomes decrease than the injections with other angles. Therefore, 

since the shear stress on the liquid column surface decreases, the atomization 

performance degrades compared to the cases with other angles injection. And since the 

velocity of the injection jet with the 30° injection angle processes is almost the same as 

the value of the velocity of the blowing air compared with the other injection angle 

conditions. The breaking forces due to the effects of the wavelengths caused by the free 

vibrations and the power of inertia, the own turbulence effect of the liquid column 

becomes bigger than the breakups caused by the air. Fuller at el. [8] mentioned that the 

factors that decide the penetration distance of the vertical injection jet are the injection 

angle and fuel/air momentum flux ratio (q) and also mentioned that in the low fuel/air 

momentum flux ratio (q) region, the liquid column has big waves. Furthermore, they state 

that due to this phenomenon, the surface of the liquid column gets distorted and breaks up 

due to the kink phenomenon. Chigier and Reitz et al. [14] mentioned that this is the fiber-

type breakup. 
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7.4 Liquid Column Trajectory in Forward and Reverse Injections  

Therefore, the trajectory experimental formula of the liquid column region can be 

calculated depending on the injection angle that is less than 90° and on the reverse 

injection. Here, x indicates the value of the axial distance of the axial (air-stream) 

direction, y indicates the value of the penetration distance of the penetration direction, d is 

the diameter of the orifice exit,   is the injection angle, vf is the fuel velocity and va is 

the value of the air velocity. 

The liquid column trajectory is decided by the drag coefficient, and Fuller et al. [8] 

defined the drag coefficient value of the sections where the experimental values of this 

study fit smoothly into the comparison with the theoretical value obtained by the equation 

derived of the experimental results with less than 90° and the force equilibrium. By the 

empirical formulas about liquid column trajectory of Fuller et al. [8], the error range was 

set within about 30% across the entire experiment, and the drag coefficient (CD) was 

obtained 4.4. Fig. 7.6 (a) shows the drag coefficient values through the comparison 

between the experimental and the theoretical value of the liquid column trajectory whose 

injection angle is less than 90° in this experiment, and this coefficient result was 

compared to the previous research result. In this research, the drag coefficient value, 

gained within a 3% error range across the entire experiment of 30°, 45°, 60°, 75° and 90° 

injection conditions was obtained as 1.3. Wu et al. [2] computed the drag coefficient 

value 1.7 based on the liquid column trajectory, obtained by taking the variables of the 

fuel type, injector exit diameter, air velocity, etc.  

The result of this experiment shows a good match with the experiment of Wu et al. 

[2] more than the drag coefficient value that Fuller et al. [8] suggested. This can be 

explained as the q condition of this experiment and the fuel type used in the experiment 

involving the mixed fuel of water and ethanol are similar to Wu’s experiment, resulting in 

a similar coefficient value. Also, it was detected that the drag coefficient value showed its 

difference caused by the errors of each experimental environment, the injector 

manufacturer, the orifice passage length, and the thickness difference of the liquid column. 
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it could be suggested that this was due to the differences in the proportion of the working 

fluid according to the Eq. (7.1), the experimental conditions and the drag coefficient 

which were used in the previous experiment. Fig. 7.7(c) is the graph that compares the 

measured experimental values in the injector group with the 90° injection angle and the 

previous research results. 

Likewise, the present study shows the different drag coefficient (CD) results from the 

studies by Wu et al. [2] and Fuller et al. [8]. This research derived the trajectory of the 

liquid column by the each injection angle, maintaining the error range of the experimental 

value and the theoretical value, through the experiment result with various injection 

angles condition provided than the previous research result, within 3%. Also, the drag 

coefficient for the 90° injection result has a similar value with Wu’s drag coefficient, and 

its reliability was confirmed since the experimental conditions that were formerly 

mentioned were similar. It was verified that the case with the forward injection angle 

showed differences due to the experimental condition and due to the experimental fluid in 

the prior experimental result. Fig. 7.8 shows a graph that compares the empirical formula 

of the liquid column trajectory obtained from the reverse injection experiment of the 120° 

and 150° injectors with the data categorized according to each angle. In the case of the 

experimental equation of the reverse injection, it can be verified that the reverse injection 

result matches the experimental value when the drag coefficient is 0.2. Moreover, it was 

confirmed that the drag coefficient of reverse injection matched in all regions with the 

results of additional experiments involving angles of 105°, 135° and others. 
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this experiment. Wu et al. [2] found out the relation of axial distance with respect to the 

wake flow to the breakup point (x-direction) and the penetration distance (y-direction) 

through the experiment.  

In the case of the 90° injection, it could be verified that most of the results of this 

research match with Wu’s equation because the drag coefficient value was similar in the 

trajectory result. Fig. 7.9(a) shows a graph of the axial direction breakup of the air-flow. 

The cases of 60°, 75°, 105°, 120° injection, which are similar to the 90° injection, show 

that the breakup points in the forward direction are similar. However, in the case of the 

reverse injection where it injects in the opposite of the proceeding direction, since the 

injection occurs in the opposite direction of the rapid airflow intake, it was identified that 

the distance to the breakup point becomes shorter due to aerodynamic forces.  

In the cases of the 30° and 150°, the axial breakup distance has the bigger value than 

in the cases of the rest of the injection angles where it similarly injects into the vertical 

plane of the flow field. This is considered since it indicates the tendency of it to breakup 

due to the power of the liquid jet rather than breaking up due to the air. The distance to 

the breakup point in the proceeding direction has somewhat larger value than the other 

injector group. In the case of the 150° reverse injection, the value is than 30° since it 

penetrates in the opposite direction of the air-flow direction. However, in case of 150°, in 

spite of the fact that it is a reverse injection, the axial distance to the breakup point shows 

similar results with the 30° injection. This is because as the q value increases, also for the 

reversed injection, the penetration distance remains constant to a certain degree. 

Furthermore, when it passes the maintained penetrated distance, rapid atomization is 

observed. Fuller et al. [8] suggested that in case of the injection with lesser angles, the 

penetration distance influences the injection velocity more than the breakup due to the air 

velocity, and the larger injection angles condition has shorten the axial direction distance 

to the breakup point in the experimental result performed to the range of 90°. It was 

shown that in the 90° case, the result showed a similar tendency with the breakup 

equation suggested by Wu et al. [2], and for the lesser angles, the contents were well 

matched with the findings by Fuller et al. [8] Finally, the distance to the breakup point 
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shortens as it injects closer to the vertical plane of the air-flow direction regardless of the 

normal injection or of the reverse injection.  

Figure 7.9 (b) shows the result related to the distance to the breakup point of the 

penetration direction. Since the injectors with the angle of less than 90° in the result of 

the graph have the relatively smaller penetration distance, their distances to the breakup 

point of the penetration direction become shorter than those of the injectors with other 

given angles. It was also verified that if the injection pressure differential increases, the 

penetration distance increases generally and so the breakup point lengthens.  

In the case of 30° injection, the flow velocity of the air and the velocity of the jet are 

almost identical. Also, in the case of 30° injection, compared to the other angled 

injections, the large scale atomization performance cannot occur. Therefore, it was 

identified that the distance to the breakup point of the penetration direction remains 

almost constant. In the case of 150° reverse injection, the distance to the breakup point of 

the proceeding direction is similar to the case of 30°, but as the trajectory wraps upwards 

by the characteristic of the reverse injection, the distance to the breakup point of the 

penetration direction gains a relatively bigger value.  

Also, in the cases of 60° and 120°, the distance to the breakup point of the 

penetration direction remains similar regardless of whether it is the reverse injection or 

the normal injection. And it was verified that in the region where the injection pressure is 

low, there is no difference in the breakup lengths, but in the region where the injection 

pressure differential is high, there are different breakup length scale effects. It could also 

be identified that the distance to the breakup point of the penetration direction shortens in 

cases of 75°, 90° and 105° injection whose direction is close to the vertical plane of the 

air flow direction regardless of the normal injection or the reverse injection.  
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Figure 7.11 shows the empirical formula for the distance to the breakup point derive 

as Eqs. (7.2), (7.3), (7.4) and (7.5). It was demonstrated that the relation of the proceeding 

direction of the air flow and the breakup distance of the penetration direction varies 

depending on the forward injection or the reverse injection. 
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CHAPTER 8 

CONCLUSION 

Experimental investigations were performed on the flame structure and combustion 

instability characteristics of model gas turbine combustor for low NOx combustion. Also, 

secondary spray jet mechanism and the optimum combustion tuning method were 

conducted on model and stationary gas turbine combustor for validation of this 

experimental study. This study carried out a research on the combustion dynamic 

characteristics of partially premixed flame by changing the combustor length, the 

equivalence ratio, and the fuel-air mixture velocity of nozzle exit and depending on the 

length of the fuel-air mixing section length. The fuel-air mixture velocity and equivalence 

ratio were confirmed to be main variables for the phenomenon of combustion instability 

as they changed the response characteristics of flame and the average temperature 

conditions in the combustion chamber, and in such a condition as a diffusion flame 

without swirl effect, there was a higher dynamic perturbation value during combustion 

instability than in the condition of more premixed type flame, causing a 30° swirl effect. 

In addition, it was found that larger combustion instability took place in the section where 

the fuel-air mixture velocity was high.  

This study also investigated the relation between the combustion instability 

phenomenon and the formation of a recirculation zone through the PIV measurement 

technique. Although there has been considerable research on the mechanism of flame 

stabilization, the results mostly cover the closed-open boundary of combustors. This study, 

however, observed the structural characteristics of swirl-stabilized flame in a limited 

combustor through the PIV technique, and associated the results with thermo-acoustic 

instability characteristics. This study observed that when combustion instability occurred, 

flame vibrated cyclically, accompanied with the fluctuation of a recirculation zone. The 

fluctuation frequency of the recirculation zone was the same as the frequency of 

combustion instability, through which the fluctuation of the recirculation zone was 
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generated under combustion instability. It also was found that such a fluctuation in the 

recirculation zone causes fluctuations in the rate of mass flow and heat release within the 

recirculation zone, further functioning to generate and reinforce combustion instability. 

Experimental results of the relation between inlet velocity and combustion 

instabilities in model gas turbine combustor. In our experimental conditions, two 

dominant mechanisms affect the rising combustion instability. Structural change is mainly 

related with mixture fluctuation and this is proven by the changing of flame angles. As a 

result, the combustion instability mechanism was specified in two ways: one is swirl 

number perturbation and the other is flame length fluctuation based on pressure gradient 

variation. Swirl number perturbation was experimentally proven by OH 

chemiluminescence results and the change in flow rate was well matched with the 

pressure gradients of the combustor. These two dominant mechanisms work to amplify 

heat release fluctuation and this feedback loop maintains combustion instability. It was 

also found that frequency shifting occurs in conditions of low fuel-air mixture velocity 

condition. Therefore, we performed mode and dynamic pressure analysis, and 

consequently we estimate that at condition of low velocity, there is another reason for the 

occurrence of combustion instability. This is because of phase delay of heat release and 

dynamic pressure in low fuel-air mixture velocity conditions. Therefore, we calculated 

Strouhal number and found a difference in those conditions. We concluded that fluid 

dynamical vortex frequency has major effects on the combustion of low velocity 

conditions, making it unstable. 

From the results of inlet mixing section characteristics, this experiment observed two 

different modes of strong combustion instability frequencies, and it was found that both 

the frequency bands had a relation with the acoustic mode (Longitudinal mode, n = 1, 2) 

caused by the combustor length through amplitudes and phases measured by dynamic 

sensors located in the combustion chamber. Since a specific instability band frequency in 

which that combustion instability actually appears existed and since either the 1L or 2L 

modes were bands of acoustic mode likely to appear in case of combustion instability, it 

was found that the mean temperature (or equivalence ratio) and length of a combustion 
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chamber, which determine the acoustic frequency inside the combustion chamber, had an 

important influence on the phenomenon of combustion instability. The combustion 

instability phenomenon of the 1L mode observed in this experiment had a relation with 

the longitudinal mode of the combustor, and such a phenomenon of combustion 

instability is caused by the flame response characteristics while being coupled with heat 

release oscillation. This is also described in the previous researches on the existing gas 

turbine combustion instability. In the case of the combustion instability phenomenon 

where an instability mode is transited into a higher instability frequency, this experiment 

confirmed that it was a mode generated by the combination of the longitudinal mode of 

the combustor and the longitudinal mode of the inlet mixing section. When both the inlet 

mixing section and the combustion chamber had similar acoustic frequency domains, 

which correspond to n = 2 of the acoustical longitudinal mode, the combustion instability 

phenomenon was caused by the related frequency. It was also found that this phenomenon 

was more affected by the pressure oscillation from the fuel-air mixing section than from 

the combustion chamber.  

The findings as follows were achieved through experimental research on the spray 

injection characteristics depending on the injection angle (forward, reverse) within the 

jets in a subsonic crossflow field of RQL combustor for reducing the NOx emissions. 

Through the experimental studies on canted injection, it was identified that the trajectory 

and the distance to the breakup point of the liquid column region are the function of the 

fuel/air momentum flux ratio (q), injection angle ( ), axial distance, penetration distance 

and the drag coefficient (CD). The empirical formula of the trajectory and breakup length 

in the liquid column region by the injection angle was derived, and there generated the 

differences at constant value, the drag coefficient between the experimental equation of 

the liquid column trajectory on the forward injection which has a matching direction with 

the normal air-flow direction and that of the reverse injection.  

These experimental results make it possible to infer that when an actual gas turbine 

is optimum designed. The combustion values such as vmix, Φ, fuel and air mass flow rate 

are very important factor for study of combustion instability mechanism. Also, the swirl 
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APPENDIX A 

GE 7FA+e DLN-2.6 GAS TURBINE COMBUSTOR 

A.1 Introduction of DLN-2.6 Combustor 

The new utility gas turbine (GT) that often require compliance with NOx emissions 

as low as 2.5 ppm (5 mg/Nm3) based on a combination of 9-ppm (18 mg/Nm3) DLN 

technology coupled with 75% reduction Selective Catalytic Reduction (SCR) [1, 2, 3]. To 

suppress NOx levels to 9 ppm DLN combustors of many modern GTs must operate in 

lean premix mode near the lean blowout (LBO) limit, where the quantity of fuel in the 

air/fuel mix at the burner is barely sufficient to sustain combustion at low flame 

temperatures. The safe and reliable operation of modern combustors near the LBO 

requires a number of vital elements: (1) an in-depth understanding of the mechanisms that 

promote combustion stability at these extremely low fuel equivalence ratios, (2) precise 

manufacturing of key components with narrow design tolerances, (3) a reliable 

monitoring system to detect onset of instabilities in individual combustors and (4) 

protective passive or active control hardware and systems that can implement corrective 

actions such as changes in fuel splits or, in case of emergencies, Protective Load 

Shedding (PLS) or turbine trip. Obviously, PLS and turbine trips are not desirable events. 

Thus, operators often need to remain proactive in preventing onset of excessive pressure 

oscillations and combustion-induced vibrations and flame instabilities. The phenomenon 

of combustion instability has afflicted a wide range of ultra-low-NOx machines for a 

variety of reasons, including GE 7F, ABB 13E2 and GT24 and GT26, 

Siemens/Westinghouse 501F, and Siemens V64.3 and V84.3. Today, combustion 

instability is viewed as the major challenge facing the gas turbine industry. 

The GE 7FA+e is a high-performance gas turbine for a power generation that has 

been developed by General Electric and has the generating capacity (Pout) of 180 MW. 

This gas turbine engine is composed of an Inlet Guide Vane (IGV) to control air flow rate, 

a 15-stage compressor, a 14 can-type combustor, and a 3-stage turbine. For a combined-
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cycle thermal power generation, the GE 7FA+e gas turbine engine operates in connection 

with a starting motor, heat exchanger (heat-recovery steam generator or HRSG), and 

steam turbine. A Seo-Incheon power plant is located in the west side of Incheon city, 

South Korea. This electric power plant is a subsidiary company of WP (Korea Western 

Power Company) and operates 8ea GE 7FA+e gas turbines for a combine-cycle power 

generation. To reduce maintenance costs, the company is attempting to reduce NOx 

emission levels (involving a yellow plume; NO2 flue gas) during the start-up mode and 

combustion vibration during the loading mode for the GE 7FA+e DLN-2.6 gas turbine 

combustor.  

 

A.2 Operating Combustion Conditions of a DLN-2.6 Combustor 

The GE 7FA+e gas turbine is controlled by a microprocessor-based MARK-Ⅵ as an 

operating system. For power generation, the gas turbine mode changes during a mode 

transfer operation from the starting mode (Mode 1) to the base mode (Mode 6AQ) at the 

speed of up to 3600 rpm of a turbine shaft rotation. However, the combustor has a critical 

operating section with high NOx levels and a high degree of combustion oscillation. At 

the beginning of operation at Pout = 20 ~ 45 MW (Mode 3), the NOx level increases, 

while at Pout = 40 ~ 45 MW (Mode 6B), the combustion vibration increased with the 

increase of output power. Both problems are minimized by optimizing the mode transfer. 

The main idea of GT tuning is to control the amount of fuel and air mass flow rate 

entering the combustors. Fuel to the DLN-2.6 combustor is staged to operate the machine 

over the entire load range. Burners are brought on in stages, starting at Full Speed No 

Load (FSNL) with the center burner only and turning on additional burners as load is 

increased. The staging is accomplished by using four fuel systems. Each fuel system 

consists of a different number of nozzles coupled together via a common manifold. These 

systems are used alone or in combination with one another to maintain fuel / air ratio 

within a desirable range in the reaction zone. The mode names reflect the number of 
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burners that are being fueled in that mode. The suffix Q in mode 6Q reflects the fact that 

quaternary fuel may be in use. Mode 6Q spans the load range for 9/9 ppm NOx / CO 

operation. The machine lights on the PM2 and PM1 circuits. Following ignition, the PM1 

nozzles are turned off and the PM2 nozzles support combustion while the unit ramps to 

95 percent speed. At 95 percent speed, the unit transfers from mode 2 to mode 1 for 

continued acceleration to full speed no load (FSNL) and leading to synchronization. At 

approximately 10 percent load, the PM2 manifold is turned back on (3 nozzles = mode 3) 

and continues until 25 percent load. At this transfer point, the PM2 manifold is switched 

off, with the PM3 manifold turned on for operation in mode 4 to 50 percent load. All 

nozzles are turned on to enter mode 6 or 6Q with quaternary. Originally, the system also 

used modes 5 or 5Q with the five outer nozzles in operation. However, this mode was 

eliminated to simplify the staging and controls strategies [4]. Fig. A.1 shows the strategy 

of fuel staging and the process of mode transfer from Mode 3 to Mode 6AQ in a GE 

7FA+e gas turbine. Fig. A.2 shows the DLN2.6 fuel nozzle end cover downstream face 

with partial fairings. The nozzle has a plane orifice-type hole in a swirl vane and on the 

top of the nozzle. The choke orifice hole acts as an injector and acoustic barrier that 

prevents both the flow-oscillation effect on fuel injection and distribution in delivery lines 

and external disturbances from a reaction zone. The compressed air was supplied to a 

nozzle mount, and become partially premixed with fuel after delivery along the swirl 

vanes before combustion. 
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emission (NOx) levels while changing their outputs by 5∼10 MW unit within the range 

of 20∼60 MW. The total amount of fuel in the mode transfer varies linearly for outputs 

and the fuel quantity in each nozzle is known to be changed mainly by PM1 in Mode3, 

PM3 in Mode 6B, PM2 and 3 in Mode 6AQ. It is thought that such fuel quantities as PM1 

in Mode3, PM3 in Mode 6B, and PM2/3 in Mode 6AQ will work as main elements to fit 

the optimum dynamic pressure and exhaust emission levels when tuning the burner. 

 

A.4 Combustion Instability and NOx Emission Characteristics 

EINOx (Emission Index of NOx) depends on the fuel-mass flow rate and the 

residence time for exposure to hot flow of more than 1800K, as exposure time is 

proportional to the flame volume and length [6]. To understand the optimum tuning of gas 

turbine, the exhaust emissions and frequency spectrum of dynamic pressure measured 

along with fluctuations in value of control constants per output. First, we identified 

characteristic growth of the quantity of thermal NOx formed by higher temperatures at 

the combustion chamber in Mode 3 than in other Modes. The dynamic pressure had a 

higher level in Mode 6B (30∼45 MW) than in other Modes, and the characteristic 

frequency was close to 140Hz, outputs being kept at a 35∼45MW range, with the 

magnitude of dynamic pressure reaching approximately 0.6 psi. This feature comes up as 

the fuel quantity in PM3 fuel nozzle shows a rapid change, and given that almost no 

change in characteristic frequency according to turbine exit temperature is made, dynamic 

pressure is regarded to have the reflection of the cold flow prior to combustion and the 

characteristics of the chamber geometry near the nozzle, instead of the impact of the 

combustion field. This constant frequency is evidence that the flow is not affected by 

combustion. In addition, the fuel mass flow rate for nozzle PM3 is significantly changed 

in Mode 6B (Pout = 40 ~ 45 MW). Therefore, the pressure fluctuation may be caused by 

cold flow, and occur in the plenum chamber between the compressor outlet and the 

combustor inlet. The peak frequency of 140 Hz is therefore thought to be revealed as a 
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resonance frequency for the plenum chamber of nozzle PM3. 

The equation for bulk or Helmholtz mode is as follows; 
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                      (A.1) 

 

Where, A is the nozzle neck area, Ln is the nozzle neck length, and Vp is the plenum 

chamber volume [7]. Hubbard and Dowling [8] used a numerical calculation to study the 

acoustic resonances effect on an industrial gas turbine combustion system. These 

researchers reported that the resonance in a plenum chamber or in the delivery lines 

affects the local mixture of fuel and air around nozzles. The oscillation of the local 

mixture fraction influences the turbulent burning velocity and becomes one cause of 

combustion instability [9]. The plenum resonance frequency can be reduced by a 

Helmholtz resonator attached to a plenum chamber; this is a significant factor to keep in 

mind when designing a combustion system. 
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APPENDIX B 

DEVELOPMENT OF DYNAMIC PRESSURE 

TOOLKIT  

The main purpose of a stationary gas turbine is to generate power, and diagnostics 

will only be implemented when they are absolutely necessary for reliable power 

production. That is why optical access is only available as a safeguard to check for the 

presence of the flame, and not for detailed study. However, monitoring of the combustion 

process and related phenomena in large gas turbines though still limited is increasingly 

being recognized as a necessary part for safely operating ultra-low-NOx power turbines. 

Because of cost and other maintenance needs, combustion dynamic sensors are 

typically mounted on modern GE, Alstom, and S/W gas turbines only when required for 

intermittent measurement and burner tuning. GE performs tuning in the commission stage 

and after a major overhaul. For these intermittent tuning requirements, a permanent 

monitoring system may not be required. However, GE also offers remote monitoring, 

diagnostic and tuning of modern DLN 2.6 combustors with the permanent installation of 

a monitoring system. In most large Siemens and Alstom gas turbines, on-line dynamic 

pressure transducers are employed to generate an alarm if acoustic amplitudes exceed a 

preset limit, thus preventing damage to structural components. For purpose of 

completeness, this subsection presents technically available options to monitor 

combustion instabilities, although the industry relies almost exclusively on piezo-electric 

pressure transducers, which can pick up pressure pulsations over a wide range of 

frequencies pertinent to GT combustors. Sensors available to monitor flame stability 

under extreme lean combustion conditions can be divided into three main groups. 

Pressure sensors that monitor the frequency and amplitude of pressure pulsations caused 

by unstable combustion in enclosed chambers. These are Piezo-resistive transducers, 

piezo-electrical transducers and accelerometers [10].  

Figure B.1 shows the dynamic pressure sensor module for GE stationary gas turbine 
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Appendix C 

OPTIMUM COMBUSTION TUNING  

It is helpful for a more fundamental understanding of combustion conditions to 

check out the equivalence ratio in each nozzle (PM 1, PM 2, PM 3, Quaternary) along 

with the trends in the dynamic pressure distribution per output and exhaust emissions in 

DLN-2.6. If the Φ is 1, complete combustion takes place as it gets close to the theoretical 

air-fuel ratio. And if below 1, lean combustion takes place as the fuel gets a smaller 

portion in the fuel-air mixture, and conversely, rich combustion occurs as the fuel gets a 

higher portion. Table C.1 represents the variation in the control constant of a fuel nozzle 

changed in each mode as the combustion temperature shows an increase. This way, the 

fluctuations in flow rate of a fuel nozzle in each mode were able to be identified and a 

flame structure could be predicted. Table C.1 could identify that in Mode 3 the Φ was 

relatively high near the PM1 fuel nozzle, enough to impose impacts on the characteristics 

of exhaust emissions. In Mode 6B the equivalence ratio near the PM3 fuel nozzle 

noticeably dropped to induce heat release fluctuations by lean burn and caused 

combustion instability to occur in the combustion chamber. In general, the reactant attains 

complete combusting at a stoichiometric conditions (Φ = 1). However, from the point of 

view NOx emissions, the thermal NOx production is maximized due to the combustion 

temperature approaching adiabatic temperature [13]. In Φ < 1, the flame utilizing lean 

premixed fuel has the advantage of low NOx production, and the disadvantage of 

conferring a potential risk for combustion instability. At Φ > 1, the rich premixed-flame is 

available for flame stabilization, while it is disadvantageous to NOx reduction. So, The 

fuel rate of PM1 nozzle decrease as the NOx emissions level was decrease around 25 ppm 

in GE combustor. Hence, in Mode3 with a problem of exhaust emissions when tuning the 

burner, the fuel nozzle constant dropped by 25∼30 ppm, and in Mode 6B the pressure 

amplitude was reduced by about 52% compared to the existing one as the PM 2 constant 

value shows an increase, which leads to experiencing the optimal combustion control. 
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Table C.1 Tuning the equivalence ratio of each fuel nozzle. 

Combustion 

mode 

      Nozzle 

Power 
PM1 PM2 PM3 Quat. Total 

Mode 3 

Negative (5) 0.487 0.359 0 0 0.196 

20 MW 0.509 0.345 0 0 0.195 

Positive (5) 0.538 0.329 0 0 0.195 

Negative (5) 0.621 0.370 0 0 0.222 

30 MW 0.643 0.352 0 0 0.220 

Positive (5) 0.700 0.337 0 0 0.223 

Mode 6B 

Negative (5) 0.378 0.399 0.102 0 0.247 

40 MW 0.380 0.386 0.119 0 0.252 

Positive (5) 0.379 0.383 0.123 0 0.252 

Negative (5) 0.373 0.416 0.120 0 0.261 

45 MW 0.372 0.389 0.148 0 0.266 

Positive (5) 0.375 0.360 0.155 0 0.260 

Mode 6AQ 

Negative (5) 0.373 0.115 0.346 0.016 0.273 

50 MW 0.375 0.119 0.347 0.013 0.276 

Positive (5) 0.376 0.124 0.347 0.016 0.277 

Negative (5) 0.385 0.176 0.338 0.019 0.292 

60 MW 0.386 0.174 0.340 0.017 0.292 

Positive (5) 0.383 0.170 0.338 0.013 0.290 
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초 록 

 

본 연구는 친환경 저 NOx 가스터빈 연소기의 최적설계 인자 도출에 대한 

연구이며 항공용 및 발전용 가스터빈에서 사용되는 예혼합 연소기에서의 연소

동특성에 대한 실험적 결과를 제시한다. 가스터빈 연소기의 설계 인자인 연료

-공기 혼합기 속도, 당량비, 연료노즐 전의 연료-공기 혼합부의 공간 (plenum) 

및 연소실의 길이 등의 변화에 따른 화염안정화 지도를 작성하였고, PIV 

(Particle Image Velocimetry), OH 자발광, He-Ne 레이저 광산란 기법 등을 동압과 

위상동기화 하여 안정 및 불안정한 화염의 구조를 분석하였으며, 자체 개발한 

다체널 동압측정 시스템을 이용하여 전체 연소기에서 구간별 동압을 실시간으

로 측정하여 연소실에서 발생하는 불안정 특성의 원인을 파악하였다. 열방출

의 섭동과 11개의 동압센서에서 측정되는 동압의 모드와 위상차 분석을 통하

여 연소불안정의 원인을 정확히 파악할 수 있었고, 연료-공기 혼합기의 내제

적 불안정에 의해 발생되는 화염의 와동구조 불안정과 연료-공기의 혼합부의 

길이가 연소불안정에 크게 영향을 미치는 것을 확인하였다. 이를 통해서 친환

경 가스터빈 연소기 제작을 위한 설계 인자를 명확히 확인하였다. 또한 RQL 

연소기에서 사용되는 2차 산화제의 빠른 혼합을 유도하는 분무의 분사각도별 

액주의 궤적과 분열거리를 측정하여 실험으로 인한 경험식을 도출하였다.  

부분 예혼합 연소기와 30도 각도의 스월러를 가진 천연가스 연료분사기에

서 발생한 화염구조와 재순환 영역의 형성이 연소불안정에 미치는 영향에 대

하여 실험적으로 연구한 부분에서는 PIV 계측기법으로 연소장에서의 화염의 

안정화 그리고 불안정한 영역에서 유동장을 확인해 보았다. 스월러에 의한 재

순환 영역은 화염의 안정화 및 난류의 강도뿐만 아니라 재순환 영역의 크기에 

따른 화염 재점화에도 영향을 주었고, 연소불안정으로 인한 연소기 내부의 압

력구배에 의하여 중앙 재순환 영역에서 유입되는 연소가스의 질량유량의 변동
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이 화염의 각도와 모양을 변경시키고 이것이 열방출 섭동을 발생시켜 연소불

안정 발생의 주요 원인이 되고 있음을 확인하였다. 

연료-공기 혼합기 속도에 의한 연소불안정과 화염구조와의 상관관계에 대

한 연구에서는 당량비 1.2 조건에서 연료-공기 혼합기 속도를 30 ~ 70 m/s까지 

다양한 실험조건에서 수행하였다. 이를 통하여 연소불안정 현상이 낮은 혼합

기 속도조건과 높은 혼합기 속도조건에서 발생하는 것을 확인할 수 있었고, 

낮은 혼합기 속도조건의 불안정에서는 화염의 끝단의 와동구조가 연소불안정

현상에 영향을 끼친다는 것을 확인할 수 있었다. 

모형 가스터빈의 연소실과 연료-공기 혼합부의 공진모드의 관계가 연소불

안정에 어떤 영향을 미치고 있는지에 대하여 실험적으로 확인한 연구에서는 

다체널 동압측정을 통하여 각각 위치에서 동압의 모드와 각 센서들간의 phase

를 분석하여 연소불안정의 원인을 규명하였다. 연소실의 길이 (800 ~ 1800 mm)

와 혼합부의 길이 (470, 550, 870 mm)를 음향학적 경계로 일치시켜 연소불안정 

특성을 확인해 보았을 때 두가지 서로 다른 연소불안정 모드를 확인할 수 있

었는데 저주파 연소불안정 특성은 화염의 열방출 섭동과 연소실의 공진모드에 

기인하며, 고주파 영역대의 연소불안정 현상은 혼합부의 길이를 변경하였을 

때 발생하는 또 다른 불안정 현상임을 실험적으로 확인할 수 있었다. 

친환경 연소기 설계에 있어서 이차분무 연구의 일환으로 분사각도에 따른 

산화제 분무특성에 대한 실험적 연구를 수행하였다. 여기서 액주영역의 궤적

과 분열지점까지의 거리는 연료분사 속도, 공기의 속도에 의한 연료/공기 모멘

텀 플럭스와 분사각도, 항력계수의 함수임을 확인하였다. 분사각도에 의한 액

주영역의 궤적 및 분열길이에 대한 실험식을 도출하였으며, 일반적인 공기유

동 방향과 일치하는 정방향 분사와 반대방향으로 분사되는 대향분사 액주궤적 

실험식과는 항력계수의 차이가 발생하는 것을 확인하였다.   
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마지막으로 첨부자료에서는 앞에서 소개된 연소불안정 현상에 영향을 미

치는 인자들을 고려하여 실제 서인천 복합화력 발전소에서 운용중인 발전용 

GE 7FA+e DLN-2.6 연소기에 적용하여 연소최적 튜닝에 대한 결과와 실시간으

로 최적제어가 가능하며, 튜닝 대상의 연료노즐과 상수를 제시하고 연소상태

를 모니터링 할 수 있는 프로그램을 개발한 내용을 소개하였다.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

중심어: 가스터빈 연소기, 연소불안정, 와류화염구조, 중앙재순환영역, 연료-공

기 혼합부, 다체널 동압측정 시스템, 분사각도, 액주분무궤적, 분열길

이, 최적연소튜닝 

 

학 번: 2005-20996 



 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 
 

공학박사학위논문 
 

 

Experimental Study on Flame Structure and  

Combustion Dynamic Characteristics in a Low NOx 

Model Gas Turbine Combustor 

 

저 NOx 모형 가스터빈 연소기에서  

화염구조 및 연소동특성에 대한 실험적 연구 

 

 

 

 

 

 

2016년 2월 

 

 

 
 

서울대학교 대학원 

기계항공공학부 

김민기 



 

 

i

ABSTRACT 

Experimental Study on Flame Structure and 

Combustion Dynamic Characteristics in a 

Low NOx Model Gas Turbine Combustor 

Min-Ki Kim 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 
 

There has been increased demand in recent years for low NOx gas turbines to meet 

stringent emissions goals by operating in a lean, premixed combustion and an advanced 

combustion system for aero gas turbine engine such as the Rich-Burn, Quick-Mix, Lean-

Burn (RQL) combustor. Unfortunately, detrimental combustion instabilities are often 

excited within the combustor when it operates under lean and rich equvalence ratio 

conditions, degrading performance and reducing combustor life. To eliminate the onset 

of these combustion instabilities and develop effective approaches for their control, the 

mechanisms responsible for their combustion oscillation chartacteristics and jet spray 

mechanism of secondary quick mix zone must be understood. The main objective of this 

study was conducted to identify the secondary spray jet mechanism for the turbulent 

quick mixing zone and combustion instability characteristics in a swirl-stabilized and 

partially premixed model gas turbine combustor, with the attention focused on the effect 

of the various fuel-air mixing section geometries, fuel-air mixture velocities and effect of 

the formation of recirculation zones and vortex interaction on the combustion instability 

characteristics. Lastly, for the confirmed the this experimental study and analyzed 

mechanisms, we investigated an optimized operating strategy and developed a 



 

 

ii

combustion tuning methodology for the GE 7FA+e DLN-2.6 (DLN : Dry Low NOx) 

ground state gas turbine engine used for power generation operated by Korea Western 

Power Co. Ltd. at Seo-Incheon power plant, Incheon, Republic of Korea.  

The flame recirculation zone is very important, as it can modulate the fuel flow rate 

and may be the source of instability, plus its flame structure has a major impact on heat 

release rate oscillation and flame stabilization. This study addresses structural 

characteristics of natural gas flames in a lean premixed swirl-stabilized combustor with 

attention focused on the effect of the formation of recirculation zones and vortex 

interaction on the combustion instability. To improve our understanding of the role of the 

recirculation zone and vortex combustion instability, the flame structure was investigated 

for various mixture velocities, equivalence ratios and swirl numbers. The optically 

accessible combustor allowed for the laser diagnostics of Particle Image Velocimetry 

(PIV) measurement, while OH chemiluminescence was used to characterize the flow 

structure under both cold flow conditions and hot flow combustion conditions. and heat 

release oscillation rate with the use of a high-speed ICCD camera under both stable and 

unstable flame conditions. Multi-channel dynamic pressures were also measured at the 

same time to investigate characteristics of the combustion phenomenon. We also 

observed fundamental longitudinal type of combustion instability characteristics related 

to the instability of thermo-acoustics. The result suggests that the formation of the 

recirculation zone is strongly related to the occurrence of combustion instabilities.  

The effect of fuel-air mixture velocity on combustion instability characteristics have 

been investigated by measuring the flame structure, dynamic pressure mode and phase. 

The swirling CH4 - air flame was investigated with an overall equivalence ratio of 1.2 to 

lean blowout limit and dump plane velocity of 30 ~ 70 m/s. Phase locking analysis was 

performed to identify structural changes at each phase of the reference dynamic pressure 

sensor under conditions of instability. At an unstable condition, flame root size varies a 

lot compared to stable condition which is because of air and fuel mixture flow rate 

changes due to combustor pressure modulation. After this structural change, local 

extinction and re-ignition occur and it can generate a feedback loop for combustion 

instability. This analysis suggests that pressure fluctuation of combustion causes 
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deformation of flame structure and variation of flame has a strong effect on combustion 

instability. In this section, we observed two types of combustion instability 

characteristics related to the instability of both the thermo-acoustics and flame vortex 

interaction mode.  

To investigate the instability characteristics of combustor geometry. The combustor 

and inlet mixing section length was varied in order to have different acoustic resonance 

characteristics from 800 to 1680 mm of the combustor and 470, 550 and 870 mm of the 

inlet mixing section. In this study, we observed two dominant instability frequencies. 

Lower instability frequencies were obtained around 240 ~ 380 Hz, which were associated 

with a fundamental longitudinal mode of combustor length. Higher frequencies were 

observed around 410 ~ 830 Hz. These were related to the secondary longitudinal mode in 

the combustion chamber and the secondary quarter wave mode in the inlet mixing section. 

These second mode instability frequency characteristics are coupled with the conditions 

of the combustor and inlet mixing section acoustic geometry. Also, these higher 

combustion instability characteristics include dynamic pressure oscillation of the inlet 

mixing section part, which was larger than the combustor section. As a result, 

combustion instability was strongly affected by the acoustically coupling characteristics 

of the combustor and inlet mixing section geometry, which is called the plenum.  

The effects of variable angled injection characteristics for quick mixing zone such 

as liquid column trajectory and breakup length has been experimentally studied in liquid 

jets injected into subsonic crossflow. With water as fuel injection velocity and injection 

angle were varied to provide of jet operation conditions. The pulsed shadowgraph 

photography with highly resolution and PLLIF (Planar Liquid Laser Induced 

Fluorescence) measurements were used for determined the liquid column trajectory and 

breakup length of angles spray. As the result, this research has been shown that liquid 

column trajectories and liquid column breakup length were spatially dependent on air-

stream velocity, fuel injection velocity, various injection angle, and normalized injector 

exit diameter. Furthermore, the empirical formula of liquid column trajectories and 

breakup length has been some different of drag coefficient results between forward 

injection and reverse angle injection in subsonic crossflow. 
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In the Appendix section, the optimum combustion control of real gas turbine 

combustor was introduced. On the basis of a MARK-Ⅵ system, the optimized tuning for 

operation of a DLN-2.6 combustor was studied for the maintenance of a GE 7FA+e gas 

turbine at a Seo-Incheon combined cycle power plant. Also, the optimum combustion 

control system was created by all of measuring the inlet and outlet combustion data of the 

GE 7FA+e gas turbine.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background  

As a high-efficiency and low-pollution engine, a gas turbine is utilized for various 

different uses, ranging from the aviation industry to the electric power generation industry. 

Examples include domestic and industrial burners, steam and gas turbines, waste 

generators, and jet and ramjet engines. Continuous combustion processes exhibit a wide 

range of dynamics. Of these, conditions which promote coupling with the acoustic field 

and result in sustained, large amplitude oscillations remain as most challenging in the 

effort to develop ultra-low emission, lean premixed combustion to its full potential. 

Paradoxically, near stoichiometric burning in high-speed propulsion systems exhibits 

similar dynamics. In earlier days, for the purpose of promoting mechanical stability, such 

an engine was driven by a diffusion flame type combustor, but around the 1980s, when 

exhaust emissions like such as NOx were made an issue due to combustion in the existing 

stoichiometric ratio, the concept of a lean premixed flame [1, 2] and RQL (Rich burn 

Quick mix and Lean burn) type combustion [3, 4] quickly became important. As a result, 

the emission of NOx could be sharply decreased, but another problem arose in this 

context, which was that the flame became unstable in extreme reaction to the external 

disturbance. In a typical continuous combustion process, a highly flammable fuel-air 

mixture is ignited, and the hot gases generated due to the chemical transformation of the 

mixture are used to perform certain functions. In its simplest form, the combustion 

process can be considered as a reacting mixture flowing in a constant area duct with a 

flame anchored at a specific location in the duct. The latter ignites the reactants, releasing 

their chemical energy in the form of heat, thus raising their temperatures and reducing 

their density. Combustion chambers can be viewed as organ pipes in which acoustic 

pressure and velocity oscillations can be sustained. Flames, which are essentially surfaces 
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across which reactants are converted into products, not only possess their own inherent 

instabilities, but are also known to respond readily to impose fluctuations. The potential 

coupling between the unsteady components of pressure and heat release rate can lead to 

their resonant coupling, thus growth, is referred to as thermo-acoustic instability. 

The combustion instability indicates that the local change of unsteady heat release 

waves and acoustic waves from the combustion chamber interact with each other, further 

generating a fluctuation of specific instability frequency. The fluctuation of unstable 

dynamic pressure generates a perturbation of fuel-air mixture flow, and then this 

fluctuation generates a perturbation of heat release waves, thus developing into the 

phenomenon of combustion instability. When the combustion instability characteristic 

takes place, it is able to satisfy the Rayleigh criterion theory [5], as formulated here:. 

 

0 0 0
' ( , ) ' ( , ) ( , )

V
p x t q x t dVdt x t dVdt

 
             (1.1) 

 

The combustion instability mode is attributed to various other factors, such as heat 

release oscillation [6] by the flame vortex and acoustic pressure boundary formation with 

other space except the combustor, as well as the internal configuration of the combustor 

[7, 8, 9, 10]. For instance, the Seo-Incheon power plant of Korea Western Power 

Company, there is one of the latest engines made by the General Electric (GE) Company, 

called the 7FA+e DLN-2.6, and the fuel staging technique is used to stabilize the 

combustion as shown in Fig. 1.1. In the initial stage of combustion, a high level of NOx is 

generated in the section called Mode 3 (10~20 MW), that is, a yellow plume is generated 

by NO2 in the chimney and lasts four hours at most., In the section of Mode 6B (20~45 

MW), which leads to the maximum output, this has a feature that the engine combustion 

oscillation (the average pressure inside the combustion chamber is as follows: 15.1 bar, 

pressure fluctuation: 0.3 bar, about 2% oscillation of the average combustion chamber 

pressure) is caused by the conversion into the premixed mode. At this moment, through 
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zone. Operating lean of stoichiometric keeps the combustion temperature low and also 

eliminates carbon monoxide (CO) and unburnt hydrocarbons (UHC). To date, the 

reduction of NOx from staged RQL type combustors operating at atmospheric, low 

temperature inlet conditions has been well documented. Staged combustion has been 

demonstrated successful at reducing thermal and fuel NO at atmospheric conditions with 

no air preheat [15, 16], and at atmospheric conditions with air preheat up to 600 K [17]. 

However, little information exists for the RQL's low NOx potential when operating at 

temperatures and pressures that correspond to actual gas turbine engines. A full evaluation 

of the RQL, for use in stationary and aero applications, requires a systematic study of the 

effects of current, as well as futuristic, operating conditions on the emissions of NOx and 

combustion efficiency.  

 

1.2 Historical Overview of Combustion Instability 

Historically, the first observation of combustion oscillation was the “singing flame” 

which was discovered by Higgins in 1777 [18]. This phenomenon caught the interest of 

several researchers [19, 20] and they described that high levels of sound can be produced 

by placing a flame, anchored on a small diameter fuel supply tube in a larger diameter 

tube. The flame was found to excite the fundamental mode or one of the harmonics of the 

larger tube. The “dancing flame” was discovered later by Le Conte [21] where a flame 

pulses in sync with the audible beats of music. “It was exceedingly interesting to observe 

how perfectly even the trills 1 of the musical instrument were reflected on the sheet of the 

flame. A deaf man might have seen the harmony!”, he quoted. Concomitantly, Rijke [22] 

showed that sound can be generated in a vertical tube open at both ends by placing a 

heated metal gauze inside the tube. The sound was heard only when the heating element 

was placed in the lower half of the tube, specifically at a distance of a quarter the tube 

length from the bottom. Rayleigh [23] was the first to hypothesize the onset of the 

instability, and define a criterion for positive coupling based on a phenomenological, 
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heuristic, description of the instability, his explanation was as follows: “If heat be 

periodically communicated to, and abstracted from, a mass of air vibrating in a cylinder 

bounded by a piston, the effect produced will depend upon the phase of the vibration at 

which the transfer of heat takes place. If heat be given to the air at the moment of greatest 

condensation or to be taken from it at the moment of greatest rarefaction, the vibration is 

encouraged. On the other hand, if heat be given at the moment of greatest rarefaction, or 

abstracted at the moment of greatest condensation, the vibration is discouraged”. This 

can also be compared to a thermodynamic cycle (e.g. the Carnot engine). In a continuous 

combustion. Fig. 1.3 shows an historical overview of combustion instabilities in devices 

for propulsion and power generation [24]. Combustion instability was observed in solid 

rockets in the 1930s, and was a major issue in the development of liquid rocket engines as 

well as solid rocket motors. A notable instability in liquid-fueled rockets was encountered 

during the development of the F-1 engine for the Saturn rockets. The F-1 experienced 

strong instability with oscillation amplitudes up to 100% of the mean pressure (more than 

2000 psi) in the combustion chamber at the frequency range of 200 ~ 500 Hz [25, 26]. In 

developing solid-propellant rockets, combustion instability was observed in the Space 

Shuttle rocket boosters, Minuteman ICBM, and the decent motors of the Mars Pathfinder 

[26, 27]. Combustion instabilities in ramjets have been also problematic as they cause 

strong fluctuations in thrust and/or shock-system oscillations in the inlet diffuser [26, 28]. 

Similar problems have been experienced in afterburners, where transverse modes as well 

as axial mode instabilities have damaged engine components such as flame holders and 

liner sections. In land-based gas turbines, vibrations induced by oscillating pressure and 

entropy waves in the combustion chambers have given rise to fatigue in combustor liners 

and turbine blades, which can reduce system lifetimes significantly. 
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1.4 Objectives and Outline 

Optimum designing an advanced low NOx gas turbine combustor requires, 

essentially, the capability of predicting stability characteristics as a function of combustor 

operating conditions and geometry. This requires a substantial understanding of the 

physical processes which generate fluctuations of the rate of heat release and/or acoustic 

oscillations in lean and rich premixed combustors. Unfortunately, neither the driving nor 

coupling mechanisms of combustion instability are well enough understood, particularly 

under realistic combustor, inlet mixing section geometries and operating conditions.  

For this purpose, experimental study is conducted to characterize the effects of 

flame-vortex interactions, fuel air mixture velocities and inlet mixing section geometry on 

unstable combustion in a swirl-stabilized, laboratory-scale gas turbine combustor. In 

chapter 2, the acoustic theory for each of the combustion instability mechanisms is 

presented to lay a theoretical foundation for the experiments. Chapter 3 then presents the 

experimental facility, including the model gas turbine combustor configuration and 

measurement techniques. The observed overall instability characteristics for swirl 

stabilized flame structure and recirculation zone are shown in Chapter 4. Based on the 

observations in Chapter 4, the combustion instability mechanisms due to flame-vortex 

interactions of various fuel-air mixture velocities and effect of mixing section geometry 

discussed in Chapters 5 and 6, respectively. Chapter 7 presents the secondary spray jet 

mechanism and characteristics of canted injection angles in secondary quick mixing zone 

for reducing the NOx level. The optimized tuning experience of a GE 7FA+e DLN-2.6 

gas turbine combustor is shown in Appendix section. Lastly Chapter 8 presents the 

conclusions of this study. 
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Mass continuity : 
( )

0
u

t t

  
 

 
                   (2.1) 

Momentum : 0
u u p

u
t x x

   
  

  
                (2.2) 

Energy : 
e e u

u p q
t x x

   
   

  
                 (2.3) 

 

Where, t and x are time and space, respectively,  , u , p , and e are the density, 

velocity, pressure, and specific internal energy respectively, and q is the heat release rate 

per unit volume. We assume that the gases on both sides of the combustion zone behave 

as perfect gases, recall the perfect gas state equation Where, R
 

is the gas constant, and 

T  is the absolute temperature. 

 

p RT                            (2.4) 

 

Combining Eq. (2.1), Eq. (2.3) (note, 
1v v

p p
e C T C

R
 


  

 , where vC  

and   are the constant-volume specific heat and the specific heat ratio, respectively) 

and Eq. (2.4), we get  

 

( 1)
p p p

u p q
t x x

   
   

  
                (2.5) 

 

Since we are only interested in the small perturbation behavior at the onset of the 

instability, we use the perturbation method to linearize the system. We separate the system 

variables into their mean (function of space only) and small perturbation (function of 

space and time) components as follow, where ()  and ()  are the mean and the 

perturbation of a variable, respectively. 



 13

 

( , ) ( ) ( , ) , ( , ) ( ) ( , )

( , ) ( ) ( , ) , ( , ) ( ) ( , )

p x t p x p x t u x t u x u x t

x t x x t and q x t q x q x t  
    
    

      (2.6) 

 

Substituting the flow variable decompositions in Eq. (2.6) in Eqs. (2.2) and (2.5) and 

neglecting second order terms of the fluctuating components, we obtain the governing 

linear equations for the perturbations as: 

 

0
u u du du p

u u u
t x dx dx x

   
         

  
           (2.7) 

( 1)
p p dp u du

u u p p q
x x dx x dx

  
           

  
       (2.8) 

 

We also assume that the flame zone is spatially localized at fx (see Fig. 2.2), i.e., 

 

( , ) ( ) ( )f fq x t q t x x                      (2.9) 

 

Where, fq denotes the heat release rate per unit area and ( )   denotes the Dirac 

delta function. This implies that the mean variables are essentially constant over the 

length of the combustor except for a step change at fx . For low Mach number flows, the 

effect of the step change in the pressure is negligible compared to the change in the mean 

velocity or mean density, and the spatial gradient of the mean pressure as well as the 

mean velocity can be considered small (see Ref. [1] for more details).  

If the mean flow Mach number is negligibly small, Eqs. (2.7) and (2.8) can be 

obviously simplified as 

 

2 2
2

2 2
( 1) ( )f

f

qp p
c x x

t x t
 

   
       

             (2.10) 
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( 1) ( )f f

p u
p q x x

t x
  

      
 

              (2.11) 

 

Equations (2.10) and (2.11) capture the dominant characteristics of the 

thermoacoustic instability dynamics of the combustor. It should be noted also that the 

homogeneous form of Eq. (2.10) (i.e., when the RHS equals to zero) becomes the 

“classical acoustic wave equation”. The general solution of the homogeneous wave 

equation can be represented as [2, 3, 4]: 

 

( , ) ( ) ( )p x t p x t                        (2.12) 

0( ) sin( )x kx                        (2.13) 

0( ) sin( )t kcx                        (2.14) 

 

Where, ( )x  is called the basis function and describes the spatial component of 

the solution of the wave equation, and ( )t represents the temporal component. k  is 

the wave number, 0 is a given phase, and both are determined by the boundary 

conditions in the field. For example, in a tube open at both sides, the boundary conditions 

can be described as: (0, ) ( , ) 0p t p L t   . Solving Eq. (2.13) with these boundary 

conditions, we get 

 

0 0, , 2 ...                           (2.15) 

, 1, 2,3,...
n

k n
L


                    (2.16) 

 

We see that there exists an infinite set of discrete values of k , for which phas 

non-trivial solutions (eigenvalues). Hence, ( )x will represent the modes along the tube 

( n -modes). In Fig. 2.3, the first three modes for an open-open tube are shown, the points 
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Where, the first term in the RHS is the kinetic acoustic energy and the second is the 

potential acoustic energy. It is clear that any system that would sustain waves (also, as in 

many vibration processes) should have these two components of energy, and the periodic 

conversion from one form to the other sustains the oscillatory behavior.  

The temporary, over the period of oscillation,  , and spatially, over the length of 

the combustor, L , we get 

 

20 0 0 0 0 0

( 1)
( , ) ( , ) ( , )

L L L L

Le dx p x t q x t dxdt E dt x t dxdt
c

 


 


                      

(2.18) 

 

Where,  and L  are the changes over time and length, respectively. The LHS of 

Eq. (2.18) represents the change in the acoustic energy per cross-sectional area of the 

combustor. The first term in the RHS is the Rayleigh integral (similar to Eq. (1.1)), the 

second term represents the acoustic energy flux across the control surface of the field and 

is defined as E u   , and the last term quantifies the dissipation in the acoustic field. 

We can clearly see from the energy balance in Eq. (2.26) that when the Rayleigh criterion 

is satisfied, i.e. p  and q  become in phase, and the gain of the first term in the RHS is 

large enough to overcome both the dissipation and the energy flux terms (which are 

typically small), there will be an increase in the acoustic energy in the combustor, i.e. 

thermo-acoustic instability will be dominant [6]. 

The latter can happen when perturbations in the acoustic field affect the inlet 

conditions of one of the reactants (fuel or air), prior to mixing, and thus causes 

perturbations in the equivalence ratio which translate into perturbations in the unsteady 

heat release. This case could happen if the inlet conditions of one of the reactants to the 

combustor are not choked [7]. In both cases, if these perturbations are such that the phase 

between p  and q  is 90o , instability will occur. 
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2.1.3 Standing wave in combustor and inlet mixing section 

For definition of the acoustic standing wave and phase analysis, we measured the 

multi-position dynamic pressure in combustor and inlet mixing section using the 11ea. 

dynamic pressure sensors. And the combustion instability characteristics in combustor 

and inlet mixing section are represented by below fundamental equations of acoustic 

standing wave. At the combustor section ( .0 combx L  ) can be written as: 

 

First	of	half	wave	equation 	 ∗ cos 							   

 

Second	of	half	wave	equation 	 ∗ cos 							   

 

First	of	quater	equation 	 ∗ cos 						 	 2   

 

Second	of		quater	equation 	 ∗ cos 						 	   

 (2.19) 

 

At the inlet mixing section ( 0inletL x  ) can be written as: 

 

First	of	half	wave	equation 	
A

cos
∗ cos 							  

  

Second	of	half	wave	equation 	 ∗ cos 							   
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First	of	quater	equation 		 ∗ sin 						 	 2   

 

Second	of		quater	equation 	 ∗ sin 						 	   

 (2.20) 

 

2.2 Flow Dynamics of Swirl Injector 

The swirling flows have been widely used in practical combustion systems such as 

industrial burners, furnaces, and gas turbine combustors because they enable high energy 

conversion in a small volume. Swirl flames exhibit good ignition and stabilization 

behavior over a wide operating range by promoting rapid mixing, improving flammability 

limits, shortening flame size, and reducing pollutant emissions [8]. The vast majority of 

gas turbine systems employ swirl injectors that provide a lot of advantages. Fuel injection 

and mixing efficiency is a very important factor for combustion emissions and gas turbine 

efficiency. Nowadays, most gas turbines use swirl injectors. Using this kind of injector 

affects flame stabilization and mixing quality. A swirl injector is composed of a central 

recirculation zone and an outer recirculation zone. This central recirculation zone re-

circulates combusted hot gas to the nozzle part and it works as a heat source of the 

combustion and central recirculation zone, making a shear layer of the mixture and re-

circulated flow, which will help the mixing efficiency [9].  

As mentioned above, a recirculation zone is important for the stabilization of flames, 

and this is generated by swirl flow. The pressure gradient and distribution inside the 

combustor is the most important factor in forming a recirculation zone. As the flow passes 

through the swirl vane, tangential-direction velocity components are generated in the flow, 

further generating centrifugal force toward the outside of the combustor. A radial-

direction pressure gradient is then formed in order to sustain equilibrium with the 

centrifugal force, which is called simple radial equilibrium flow. The pressure gradient 
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generated at this time can be calculated through a radial-direction momentum equation 

[10, 11]. First of all, an assumption can be established for the simple radial equilibrium 

flow as follows: Both the axial-direction and tangential velocity cannot exist in a steady 

state condition. Therefore, axial and radial velocities are related to radius functions, axial 

symmetry and radial-direction velocity. Under this assumption, the axial and tangential 

direction momentum equations become trivial solutions. The radial-direction momentum 

equation can be regarded as a governing equation that shows the pressure gradient of 

swirl flow.  

 

2 2
2 2

1 1 2
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                        (2.22) 

 

Figure 2.4 and Equation (2.22) show that the centrifugal force and the pressure 

gradient have equilibrium with each other. With this equation simply integrated, it was 

found that the closer it gets to the combustion chamber, that is, the smaller the radius 

becomes, the lower the stagnation pressure becomes. Since the tangential velocity 

component gets damped while moving closer toward the axial direction, the radial 

pressure gradient disappears in the back of the combustion chamber when it has a 

sufficient distance toward the axial direction, which indicates an achievement of pressure 

equilibrium. Therefore, around the combustion chamber wall, whose radius is large, a 

negative pressure gradient is formed, through which the pressure decreases gradually; 

meanwhile, in the central part of the combustion chamber, a positive pressure gradient is 

formed, through which the pressure gradually increases. Due to such a pressure 

distribution, outside flow comes rolling up the central part of the combustion chamber, 

enhancing the funnel-shaped recirculation zone existing in the central axis. 
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injection angle  as follows: 
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     (2.23) 

 

 Assuming that liquid acceleration was balanced with aerodynamic drag forces and 

that the liquid column could be modeled as a cylindrical fluid element of the diameter of 

the nozzle exit. Wu et al. [15] calculated the correlation of the liquid column trajectory 

before the fracture point as follows: 

 

1.37
y x

q
d d

   
 

                    (2.24) 

 

And the below 90° injection angle condition (Fig. 2.5(b)), By introducing an average 

drag coefficient, DC , the axial momentum equation can be written as follows: 

 

     
1

2 2 22 1

4 2
f

f o g g f g f g f

du
d c u u u u v v ld

dt

          
    (2.25) 

 

To render the above equation more tractable, the following considerations were 

made. For the present investigation,  2

g fv v was estimated to be considerably less 

than  2

g fu u in most cases and was therefore neglected. In addition, the variation in 

fu was, in most cases, very small as compared to gu , so that the approximation 

g f g ju u u u   could be made. Finally, g and gu were presumed constant at their 

respective free stream values, and f  and fu were presumed constant at their 
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respective jet exit values, j  and ju . 
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With f

dx
u

dt
 , a second integration with respect to time yields the following 

equation. 
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                    (2.27) 

 

Because the transverse velocity of the liquid column was presumed constant and 

equal to the transverse component of the jet exit velocity, f

j

u dy
dt v


 , so jy v t

and the trajectory equation could be written as follows: 
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With the momentum flux ratio q and the injection angle  , the following equation 

was derived. 
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Therefore, the trajectory experimental formula of the liquid column region can be 

calculated depending on the injection angle that is less than 90° and on the reverse 
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tungsten wire. The location of pyrotechnic initiator was selected to consider the vortex 

shedding zone. And the exhaust nozzle, dump surface and combustor were cooled down 

by water and the outer surface of combustor was cooled down by air. 

 

 

Fig. 3.6 The ignition system consisted of high voltage generator and spark plug. 

 

3.2. Combustion Data Acquisition System 

To measure the flow rate of fuel and air, combustion static pressure, exhaust 

emission and combustion dynamic characteristics of the model dump combustor, this 

experimental study used various kinds of sensors and a flow-meter to regulate the flow 

rate. First of all, to control the change of static pressure and the air flow rate before and 

after the combustion experiment, a total of six static pressure sensors made by Valcom 

Company were used. A K-type thermo couple was used to measure the temperatures of 

eight channels in total consisting of the air-supply (3 each), the combustor (4 each), and 

the exhaust emission sensor location (1 each), as well as the temperature around the 
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3.4 Chemiluminescence and Flame Structure Analysis 

Chemiluminescence from hydrocarbon flames arises from specific molecules that are 

lifted to an excited state by exothermic chemical reactions and then subsequently decay 

back to equilibrium energy levels by emitting a photon. Chemiluminescence emission 

occurs in specific wavelength bands that are characteristic of the emitting molecules. 

Because the molecules responsible for the chemiluminescence change for different 

combustion regimes and types, chemiluminescent emissions can provide information 

about the nature of the reactions and the fuel/airmixture [5].  

Most naturally emitted ultraviolet and visible radiation of flames, called 

chemiluminescence, is caused by short lived electronically excited intermediate species 

such as OH*, CH* or C2* formed during chemical reactions [6, 7]. An example is 

depicted in Fig. 3.10 (left panel) from a Bunsen burner, operated with a stoichiometric 

mixture of methane and air. If the radiation emitted by this flame is dispersed in a 

spectrometer into its wavelength components, spectra can be observed like those shown 

in Fig. 3.10 (right panel). On recognizes characteristic emission bands originating from 

the above mentioned species in their respective electronically excited (A) states of OH* 

(310 nm), CH* (388, 431 nm) und C2* (473 nm), respectively. It is therefore of interest to 

investigate if the intensities or spectral shapes of these band systems can provide 

quantitative information on, e.g., local fuel/air ratios, heat release rate (HRR) or chemical 

processes of the combustion system investigated. If so, this would be of great importance 

for technical combustion systems, since detecting chemiluminescence radiation is a cheap 

and non-intrusive method for monitoring the combustion event in environments such as 

power plants, waste incinerators or combustion engines [8]. 
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The correlation function is expressed as follows: 

 

     
0 0

, , ,x y x yh s s f x y h x s y s dxdy
 

             (3.2) 

 

A correlation method is classified into auto-correlation and cross-correlation 

according to the number of functions. Auto-correlation is for the case 

   , ,f x y g x y in Eq. (3.2) and the cross-correlation is the    , ,f x y g x y  

case. Auto-correlation is used when the first image and the second image are recorded in 

one frame (single frame / double exposure) and cross-correlation is used when the two 

images are recorded in separate frames (double frame / single exposure). Compared to 

auto-correlation method, cross-correlation method has some merits: 1) The problem of 

directional ambiguity is eliminated, 2) The algorithm is simple because there is only one 

peak as a result of correlation and 3) Dynamic range is relatively large. 

 

3.6 PLLIF (Planar Liquid Laser Induced Fluorescence) 

To measure the trajectory and breakup length of the liquid column spray jet, we used 

the PLLIF (Planar Liquid Laser Induced Fluorescence) technique. Another approach to 

the patternation of fuel sprays is the use of PLLIF (Planar Liquid Laser Induced 

Fluorescence). The PLLIF technique is based on the fact that the fluorescence signal 

intensity of a spray drop is proportional to the concentration of fluorescent molecules (i.e. 

the volume of the drop) under the condition that the laser light absorption is low enough 

for the molecules to be uniformly illuminated [22]. The grey level of the i-th and j-th 

pixel of the CCD array by the fluorescence signal can be expressed as follows [23]:  

 

   3
0, k k

k

G i j CI n d                        (3.3) 
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Where, C is a constant and I0, the incident laser beam intensity at the (i, j) pixel, is 

assumed to be constant within the pixel. Since the drop number density of the kth size 

class dk(nk) is the time-averaged value, the grey level in Eq. (3.3) indicates the total 

volume of drops which do not pass the unit volume but exist inside the volume during the 

camera exposure time, i.e. spatial volume (or mass) concentration of the liquid drops. 

Furthermore, the constant C in Eq. (3.3) is difficult to obtain, so that only the relative 

distribution of the spray mass concentration can be obtained directly from the PLLIF 

measurements. 

A laser sheet is formed by some combination of cylindrical and spherical optic. A 

digital camera is used for imaging the energy of interest. Depending upon the information 

desired, either continuous or pulsed lasers can be employed. If a suitable light source is 

selected in conjunction with a suitable test fluid, fluorescence can be induced. 

Fluorescence is dependent upon the concentration of the fluorescing molecules. If a 

molecule which can be made to fluoresce is present within the test fluid in a 

homogeneous fashion, then the fluorescence can be related to the volume of material. 

Some materials may fluoresce naturally (e.g. ringed hydrocarbons), while others may not 

(e.g. octanes, alchohols, water). In this case, suitable dye can be added to the fluid (e.g. 

rhodamine, fluorescein). If a dye is added, it can be selected such that is absorption 

spectra conveniently overlaps with common laser wavelengths. 
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CHAPTER 4 

SWIRL STABILIZED FLAME STRUCTURE AND 

RECIRCULATION ZONE 

4.1 Background and Objectives 

At the turn of 21st century, problems related with energy depletion and 

environmental pollution has become an important issue [1]. Under these circumstances, 

emission regulations have become more stringent. Many researchers have tried to develop 

a new type of combustor which burns fuel more efficiently and produces lower emissions 

[2, 3]. In the context of such efforts, a lean premixed combustor has been introduced and 

used for power generation all over the world. A lean premixed combustor produces less 

NOx than conventional gas turbines by burning the fuel at a low temperature. 

Conventional gas turbines that burning the fuel near stoichiometric condition have some 

advantages in terms of stability of combustion, but these produce locally high temperature 

regions which induce large amounts of NOx and soot production. On the other hand, lean 

premixed combustors can decrease combustion temperature significantly by burning the 

fuel near lean equivalence ratio conditions [4, 5, 6]. However, combustion instabilities 

occur under the lean burning conditions where they are designed to operate. To eliminate 

these instabilities and develop effective approaches for their control, the mechanisms 

responsible for their occurrence must be understood. The necessary condition for 

combustion instability was first determined by Lord Rayleigh [7] and can be summarized 

in the following mathematical expression called the Rayleigh Criterion. 

It means that combustion is unstable when the net rate of energy added to the 

acoustic field exceeds the net rate of damping provided by inherent dissipative processes 

such as heat and acoustic energy loss. It also shows that combustion instability can occur 

when the phase between pressure oscillations and heat release oscillations is less than 90°. 

During the last decade, the underlying mechanisms of combustion instabilities in lean, 
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premixed gas turbine combustors have been investigated. These involved mechanisms of 

the combustion instability and the physics of acoustic interactions in premixed gas 

turbines [8, 9, 10], the flame transfer function measurements and the coupling of 

combustion instability mechanisms [11, 12, 13, 14], and the dynamics and stability of 

lean premixed swirl-stabilized combustion [ 15, 16, 17].  

Other groups have investigated flow structures and flame behaviors in lean premixed 

gas turbine combustors via laser diagnostics. Observations included: flame behavior in a 

laboratory-scale premixed natural gas turbine combustor from Planar Laser Induced 

Fluorescence (PLIF) images of OH*, Laser Doppler Anemometry (LDA), and Coherent 

Anti-stokes Raman Spectroscopy measurements [18, 19], the investigation of flow field, 

structures, temperature and species distributions of swirl flames in a gas turbine model 

combustor [20, 21, 22]. Those two research parts have been performed somewhat 

separately, and studies on flow structures and flame behaviors are not well documented 

for confined laboratory gas turbine combustors in comparison with studies for unconfined 

combustors. This chapter has been performed to investigate the flow structure in cold 

flow and mechanism of the combustion instability in terms of flow structural 

characteristics. PIV measurements and dynamic pressure measurements were conducted 

simultaneously to examine the effects of structural characteristics on the combustion 

instability. The result strongly suggests that the formation of a recirculation zone and its 

structural characteristics contribute to the occurrence and development of combustion 

instability. 

 

4.2 Experimental Method and Conditions  

The combustor used for this study is a model gas turbine combustor simulating in 

1/3 scale a GE 7FA+e DLN-2.6 gas turbine combustor [23], characterized with partially 

premix and swirl stabilized flame. The form is as shown in Fig. 3.3. It consists of five 

main parts: an air heater, a fuel-air mixing section, a swirl injector, an optically accessible 
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quartz combustor section, and a plug nozzle. Regulated inlet air enters the electric air 

heater and is heated to 673 K. The air heater consists of three heating elements. Each of 

the elements uses 40 KW power and can be controlled individually. The air heater can 

maintain the desired temperature throughout the experiments. The heated air enters the 

mixing section through a chocking plate which is installed at the entrance of the mixing 

section to prevent mass flow rate oscillations and to provide a well-defined acoustic 

boundary condition. The mixing section is 550 mm long and has an annular cross section 

whose diameter is 40 mm. An axial-entry type swirl injector with 30° swirl vane angle 

was mounted in the mixing section 53 mm upstream of the dump plane. The swirl effect 

can be expressed by the swirl number, which is the ratio of the tangential momentum and 

the axial momentum. 

As for the working fuel in the model gas turbine combustor, this study used CNG 

(compressed natural gas) that has 89.4% methane. The fuel is issued from 10 holes 

located 20 mm upstream of the swirl vanes, and mixed with heated air by passing through 

the swirl vanes. The combustor consists of a stainless steel dump plane, an optically 

accessible quartz combustor section with an inner diameter 120 mm, and a length of 200 

mm, and a stainless steel variable-length section, which is blocked by a water-cooled plug 

nozzle. The length of the combustor, which is defined as the distance from the dump 

plane to the plug, can be continuously varied between 825 mm to 1125 mm by moving 

the plug nozzle along the axial direction of the combustor. The nozzle not only changes 

the length of the combustor but also defines the acoustic boundary condition for 

measurements of self-excited instabilities. The blockage ratio of the plug nozzle is 91%, 

which is large enough to set a proper acoustic boundary condition. All of the experimental 

conditions from this study are listed in Table 4.1. 

To measure the flow rate of fuel and air, combustion static pressure, exhaust 

emission and combustion dynamic characteristics of the model dump combustor, this 

experimental study used various kinds of sensors and a flow-meter to regulate the flow 

rate. First of all, to control the change of static pressure and air flow rate before and after 

the combustion experiment, a total of 6 static pressure sensors made by Valcom Company 
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were used. One was placed in the front and one in the back of the orifice, and two were in 

the front and back of the swirl injector, and two were in the combustor. A K-type thermo-

couple was used to measure the temperature. In all, the temperatures of 8 channels were 

measured, including air-supply (3ea), combustor (4ea), exhaust emission sensor location 

(1ea) temperature, and the temperature around the differential pressure gauge for the 

regulation of fuel and air flow rate. 

 

Table 4.1 Experimental conditions and parameters. 

Parameters Values 

Fuel type 
Natural gas  

[ CH4(89.4%) + C2H6(8.6%) + C3H8(1.39%) ] 

Inlet air temperature [K] 673 

Fuel temperature [K] 318 

Swirl vane angle 30°, 45° swirler (swirl number = 0.42, 0.72) 

Fuel-Air mixture velocity [m/sec] 40, 50, 60, 70 

Equivalence ratio (Φ) Blowout limit ~ 1.2 

Inlet mixing section length [mm] 550 

Combustor length [mm] 850 ~ 1082 

Blockage nozzle [mm] 128 (Blockage ratio : 91%) 

 

In this chapter, flame structures were obtained using Particle Image Velocimety (PIV) 

and OH* chemiluminescence. PIV is an attractive and useful technique for capturing 

instantaneous flow fields [24]. PIV is the simultaneous measurement of fluid or 

particulate velocity vectors at many (e.g. thousands) points, using optical imaging 

techniques. The measurements are usually made in planar “slices” of the flow field. It is a 

qualitative visualization method that can instantaneously capture 2-dimensional velocity 

fields, along with additional information such as turbulent intensity, strain rate, and 

vorticity. Several processes are required to get useful information, such as adding tracing 
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measurements in gas turbine combustors. However, 2-dimensional images of the 

instantaneous flow field provide new insights into the dynamics of turbulent swirl-

stabilized flames, which are very important for the understanding of combustion 

instabilities. Moreover, to measure the heat release oscillation of flame under stable and 

unstable combustion conditions, OH chemiluminescence was measured from the flame 

around the dump side. By using the high speed ICCD camera made by Photron Company, 

this study photographed flames at a speed of 6000 fps. This study was able to obtain the 

pressure oscillation and heat release values from the time axis in the same experimental 

conditions by linking with the dynamic pressure sensor, while locking the phase. 

4.3 Results of Recirculation Zones 

Previous researchers have used the size of the recirculation zone to examine the 

intensity of the recirculation zone which is based on how well recirculation zones move 

hot gases to the middle of the combustor and down into the ignition zone. Therefore, the 

intensity of the recirculation zone can be examined in terms of the size and the mass flow 

rate of hot burnt gases that the recirculation zone provides to the middle of the combustor. 

The examination of the zero axial velocity and the zero radial velocity helps define 

recirculation regions. The sizes of the recirculation zones are directly related to the height 

and width of the zero velocity contours.[26] Based on the size of the recirculation zone 

and the mass flow rate of hot burnt gases in the recirculation zone, the effect of each 

operating condition on the formation of recirculation zone was experimented. 

 

4.3.1 Effect of various combustion parameters in cold flow  

For the study of recirculation zones in cold flow, numerous experiments were 

conducted under the various operating conditions: fuel-air mixture velocities, equivalence 

ratios, and swirl numbers. Fig. 4.2 shows the averaged PIV images at different fuel-air 

mixture velocity conditions. The recirculation size can be defined by the contours of the 

zero axial and radial velocity. It is observed that the size of the recirculation zone 
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increases as the fuel-air mixture velocity increases form 40 m/s (Fig. 4.2 (a)) to 60 m/s 

(Fig. 4.2 (b)). The position of the vortex core was rarely changed and the magnitude of 

negative velocity vectors has increased as increase of the fuel-air mixture velocity. The 

formation of recirculation zones is the pressure gradient in the combustor so the trend 

with respect to the change of mixture velocities can be explained about the pressure 

gradient. The magnitude of the tangential velocity component is proportional to that of 

the axial velocity component determined by the fuel-air mixture velocity. According to Eq. 

(2.30), the magnitude of the pressure gradient is proportional to that of the square of the 

tangential velocity component, so the pressure gradient becomes larger as the mixture 

velocity increases. The pressure gradient disappears gradually along the axial direction 

because the tangential velocity component decays with axial distance. However, the more 

time and distance are necessary for the decay of the tangential velocity component under 

higher mixture velocity conditions, that is, the pressure gradient that is essential to drive 

the formation of the recirculation zone exist in the further downstream region under 

higher mixture velocity conditions. 
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4.3.2 Effect of combustion and instability characteristics 

Figures 4.5 (a) and (b) show values obtained through PIV measurement in a 

combustion field. After measuring 600 pairs of instant fields, this study calculated their 

average, which shows that a recirculation zone is formed in actual combustion conditions. 

To compare recirculation zone size, many researchers used the height or width of a 

recirculation zone, with the size of such a recirculation zone defined with borderlines 

connecting points whose axial-direction velocity and radial-direction velocity are 0 [18]. 

Fig. 4.5 (a) shows the characteristics of a recirculation zone formed under stable 

combustion conditions, while Fig. 4.5 (b) shows a recirculation zone formed in unstable 

combustion conditions. In this section, when combustion instability took place, it was 

observed that the size of a recirculation zone became remarkably enlarged. This finding 

indicates that the occurrence of combustion instability has an effect on the formation of a 

recirculation zone. Fig. 4.6 shows a calculating process used to simply compare the size 

of volume flux in a recirculation zone. Through this process, this study compared 

quantitative volume flux in a recirculation zone every moment in the random-phase PIV 

images in both flame stable and unstable conditions. 
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4.4 Analysis of combustion instability frequency 

To investigate whether a recirculation zone vibrates cyclically and what that 

frequency of the vibration means When it occurs, this study measured the OH* 

chemiluminescence with a high-speed ICCD camera. At each moment, the camera frame 

speed was set at 2048 Hz. Figs. 4.10(a) and (b) are the results arranged in each phase, 

which shows that flame vibrates cyclically in conditions of combustion instability (Fig. 

4.10(b)). In stable combustion conditions as shown in Fig. 4.10(a), it was observed that 

there was almost no change in the intensity of chemiluminescence signals, which shows 

that the form and size of flame were constant.  

This study converted the values of intensity of chemiluminescence images obtained 

in instability conditions to analyze the frequency. Through the sum of them, this study 

examined the change of intensity by time and performed FFT. As a result, it was found 

that it vibrated with its natural frequency, 315Hz of combustor longitudinal mode. As a 

result of FFT with dynamic pressure information obtained during the process of this 

experiment, the frequency was found to be 313Hz. Furthermore, when theoretical 

instability modes were calculated with the length of a combustion chamber (1.05 m), and 

temperature (868 K, the average obtained from 3 points on the combustion chamber) in 

the closed-closed boundary condition, this study found the natural frequency of 

combustor at 322 Hz. Since the average temperature of the entire combustion chamber 

was actually lower than the temperature measured, this study found that the fluctuation of 

flame, the fluctuation frequency of instability phenomenon, and the theoretically-

calculated unstable mode all have very similar values. This result supports the assumption 

that there is a direct relation between combustion instability and the fluctuation of a 

recirculation zone. 

A theoretical analysis to calculate this phenomenon is shown in Eq. (4.1) and Eq. 

(4.2). It is assumed that the movement course of energy in a gas turbine combustor is 

axial direction and the average temperature is constant with 1-D standing waves theory. 
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Combustion instability has an essential relation with the fluctuation of a recirculation 

zone, and it can be explained through procedures shown in Fig. 4.11. When combustion 

instability takes place, high pressure fluctuation occurs inside the combustion chamber. 

As mentioned above, the most important factor in forming a recirculation zone is the very 

formation of a pressure gradient inside the combustion chamber. However, when 

combustion instability takes place, a pressure gradient is not smoothly formed due to the 

pressure fluctuation inside the combustion chamber, which is needed for the formation of 

a recirculation zone. Consequently, the recirculation zone proceeds to vibrate under the 

influence of instability-caused pressure fluctuation. The vibration of a recirculation zone 

further causes mass flow rate fluctuation of high-temperature recycled gas needed for 

stable combustion. It is at this moment that, mass flow late fluctuation in recirculation 

zone leads to the fluctuation of heat release as one of the factors sustaining and 

developing combustion instability.  

In summary, the fluctuation in a recirculation zone functions as one of several 

factors causing and developing combustion instability. It can be regarded as an essential 

accompanying phenomenon when combustion instability takes place. 
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CHAPTER 5 

EFFECT OF FUEL-AIR MIXTURE VELOCITY  

5.1 Background and Objectives 

Combustion instabilities occur when different combustion processes combine in 

such a way that inherent disturbances in the system are self-excited via interactions with 

the combustion process. These are caused by complex, feedback-type interactions 

between periodic flow and combustion processes that produce a periodic heat addition, 

exciting large-amplitude acoustic oscillations in the combustor [1]. 

In addition, a recent study by Meier et al. [2, 3, 4] has shown the relation between 

ignition delay time and combustion instability occurrence by CFD and experimental 

studies using the PIV and PLIF measurements in a model gas turbine combustor. Candel 

et al. [5, 6] investigated the flame response by measuring the unsteady heat release 

induced by an imposed velocity perturbation and flame dynamic, which is documented by 

the calculating the phase averages. As concerns the flame vortex interaction research field, 

Kim et al. [7] investigated the effects of acoustic forcing on flame length and NOx 

emission in turbulent hydrogen non-premixed jet flames with coaxial air, which was 

acoustically forced at the resonance frequency of the combustor. Also, in order to 

examine mixing and dynamic behaviors during flame-vortex interaction, the local 

properties on the flame surface were characterized quantitatively. The behavior of the 

precessing vortex core (PVC) is also significantly altered by combustion heat release and 

by the system parameters (e.g. swirl number, axial velocity and geometry). Previous 

studies [8, 9] suggest that the type of combustion (i.e., premixed or non-premixed) can 

affect the PVC frequency and its intensity.   

However, there is no other research about the interaction of vortex structure and 

combustion instability phenomenon. The flame recirculation zone (flow patterns in 

combustion region) is very important, as it can modulate the air flow rate at instability 

condition and may be the source of instability by modulation local equivalence ratio. In 
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this chapter, we conducted experiments under various fuel-air mixture velocity and 

operating conditions with a model gas turbine combustor to examine the relation of 

combustion instability and flame structure using the OH chemiluminescence and multi-

channel dynamic pressure sensing system. 

5.2 Experimental Method and Conditions 

Figure 5.1 shows a schematic of a partially premixed, variable length, model gas 

turbine combustor (same as facility of Fig. 3.3). It consists of an air heater, an inlet 

mixing section, which is called the plenum, a swirl injector, an optically accessible quartz 

combustor section, a steel combustor section, and an exhaust duct. An air heater provides 

heated air (673K) to a combustor through an air inlet section. There is a choking orifice at 

the entrance of the air inlet section to provide a well-defined acoustic boundary condition 

and to protect the fluctuation of inlet air. In the inlet mixing section, the mixing process 

between the fuel and heated air is done by a swirl injector, which provides a spatially and 

temporally homogeneous reactant mixture to the combustor. The length of the steel 

combustor can be varied continuously from 850 mm to 1100 mm by moving a water-

cooled plug nozzle along the axial direction of the combustor. The temperature of plug 

nozzle varies from 350 to 490K, which is based on inlet velocity conditions. PCB 

102A05 piezoelectric transducers are used to measure unsteady pressure perturbations in 

the inlet mixing section and combustor section. Five pressure transducers are installed in 

the mixing section, and six pressure transducers are installed in the combustor, 

respectively. Five static pressure sensors made by Valcom inc. are used to measure the 

combustion static pressure and control the mass flow rate of inlet air and five K-type 

thermocouples are also used. 
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Table 5.1 Experimental conditions. 

Parameters Values 

Fuel type 
Natural gas  

[ CH4(89.4%) + C2H6(8.6%) + C3H8(1.39%) ] 

Combustor Length [mm] 1000 

Inlet Temperature [K] 637 

Equivalence Ratio (Φ) 1.2 

Swirl Injector 30° swirler (swirl number = 0.42) 

Mixture Velocity [m/s] 
30, 35, 40, 45, 

50, 55, 60, 65, 70 

 

5.3 Flame and Abel-inverted Images 

To investigate of flame structure and high-frequency phenomena, high-speed ICCD 

camera was used in this study. The recorded frame rate was 6000 frame/sec and image 

size was 512 by 512 pixels. The dynamic pressure sensor and high speed ICCD triggering 

signal were recorded to measure heat release rate oscillation and dynamic pressure at the 

same time. These data were also used for phase-locking of the chemiluminescence 

imaging. The phase-locking process is performed based on 6th dynamic pressure, which 

was located at the detached section of the existing flame zone. The peak amplitude of 6th 

dynamic pressure was selected as 0 degree and the OH chemiluminescence image is 

collected by 12 phases, which means that 30-degree gaps per phase and Abel-inversion 

was carried out for each averaged picture. Abel-inversion is the process by which 2D 

images can be reconstructed from an accumulated 3D image [10, 11]. So, that is indicated 

the analysis of flame structures.  

Figure 5.3 shows the three mixture velocity conditions for investigation of flame 

structure in stable and unstable condition. At 30 and 70 m/s fuel-air mixture velocity 

conditions, combustion instability took place and the stable condition is 50 m/s. First, a 

low velocity condition as some flame intensity changes according to phase changes, 
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5.4 Main Instability Frequency and Strouhal Number 

Figure 5.4 shows the experimental results of combustor temperature and instability 

frequency relation. There have separated into the three parts of low fuel-air mixture 

velocity instability region, stable region, and high fuel-air mixture velocity instability 

regions. The instability frequency and mean temperature of the combustion chamber have 

a linear correlation because the mean temperature of combustor affects the speed of sound 

about main combustion fluid and the instability frequency varies the increasing or 

decreasing temperature conditions. This analytic theory is well matched with the high 

fuel-air mixture velocity instability conditions from around 55 to 70 m/s. In contrast, at 

condition of low velocity instability condition about 30 and 35 m/s, combustion zone has 

much lower temperature zone via a high mixture velocity instability case and have a 

higher instability frequency. This phenomenon is not a general tendency of acoustic 

theory. This chapter main investigation is the relation between inlet fuel-air mixture 

velocity and combustion instability. Also, distinguish the difference between low and high 

levels of instability. To investigate such a relation, the flame structures during condition 

of instability will be discussed. 
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Figure 5.5 shows the FFT results, which means the local vortex frequencies in cold 

and hot flow condition. At cold condition, frequency was detected even though there was 

no acoustic forcing. This vortex instability frequency which was measured at vortex 

structure is same as the heat release rate instability frequency of the total flame oscillation 

(Fig. 5.5 (b), (d)).  

 

5.5 Combustion Instability Mode and Phase Analysis  

To analyze the frequency shifting characteristics, we performed a mode and phase 

analysis using the multi position dynamic sensing system in the flame at conditions of 

low and high fuel-air mixture velocity instability. First, the dynamic mode analysis was 

conducted with dynamic pressure sensors (#5) to confirm the instability mode at 30, 70 

m/s mixture velocity conditions. We assumed that both the combustor and the inlet 

mixing section have closed-closed acoustic boundary conditions which one-dimensional 

acoustic wave condition and constant temperature condition in each combustor and inlet 

mixing sections. Fig. 5.6(a) and 5.7(a) show the result of dynamic pressure mode analysis. 

Dots indicate experimental data obtained by dynamic pressure sensor and the mean 

pressure amplitudes at each position. Black dotted lines indicate the acoustic boundary of 

the inlet section and combustor. Solid lines indicate ideal standing waves of ideal acoustic 

boundary. The result of mode and phase analysis represents the longitudinal mode of the 

inlet mixing section and combustion chamber. Experimental data follow the ideal 

standing wave and are quite well matched which means that the mode of instability is the 

first half wave longitudinal mode of the combustor for all of fuel-air mixture velocity 

conditions. This means that no change in instability mode occurs during inlet velocity 

variation. In other words, frequency jumping is not the result of a change in instability 

mode. Second, we investigated the heat release and dynamic pressure sensor data which 

are located near the combustion section to use phase locking each other. At conditions of 

high mixture velocity instability as shown Fig. 5.6(b), there is an in-phase of heat release 
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and dynamic pressure sensor #5. There are combustion instabilities caused by the 

coupling between pressure oscillations and heat release oscillations and the necessary 

condition for sustaining the combustion unstable is explained by Rayleigh’s Criterion. 

But, at a low velocity instability condition as shown Fig. 5.7(b), heat release and pressure 

wave phase are delayed at around 130 degrees, in other words, the out-of-phase 

phenomenon occurs. This means that at conditions of low velocity instability there is 

another reason for the occurrence of combustion instability, except for the coupling of 

heat release and pressure perturbation waves. Conclusively, we found the frequency-

shifting phenomenon during a variety of inlet mixture velocity conditions. Based on mode 

analysis and heat release, as well as dynamic pressure data, there is no reason for the 30 

m/s mixture velocity case leading to the arising of combustion instability except the 

Rayleigh Criteria. From the Strouhal number result and direct images of the conditions of 

instability, it seems that fluid dynamic instability and vortex structure interactions are the 

main causes of frequency shifting during low fuel-air mixture velocity instability. 
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5.6 Dynamic Pressure Gradient Variation  

An analysis was conducted on the basis of a phase-averaged, Abel inversion 

transform image as identified above, and the structural change in flame according to the 

unstable phenomenon was largely analyzed into two types – changes in flame angle and 

flame length. A study was carried out on the pressure gradient that is formed inside of the 

combustion chamber and change in the flame structure based on dynamic pressure 

fluctuations inside the combustion chamber. For the pressure gradient, the information 

concerning the dynamic pressure on no.5 sensor at the front of the combustion chamber 

(fuel-air nozzle exit) and on no.6 sensor closest to the combustion chamber from the 

exhaust exit was used. 

It was confirmed through measuring that the unstable flame under high fuel-air 

mixture velocity conditions showed a higher value in the constant pressure at the front 

end of the combustion chamber than the exhaust duct. Looking into the phase 120° ~ 270° 

zone showing an increase in the dynamic pressure at the front end, as shown in Fig. 5.8(a), 

the pressure at the front of the combustion chamber increase as much as dynamic pressure, 

with the exhaust duct also showing an increase, but the growth rate is expected to be 

relatively small. That is, the mass flow rate is expected to increase by the pressure 

gradient relatively getting greater and this phenomenon can be confirmed through a 

substantial change in length and brightness of the flame. On the contrary, checking the 

area where the pressure at the front of the combustion chamber decreases more than the 

exhaust duct pressure brings an expectation that the dynamic pressure at the front of the 

combustion chamber is relatively reduced more than the dynamic pressure at the back, 

which would lead to a relative decline in pressure gradient formed inside the combustion 

chamber. That is, the overall flow is expected to be less and this phenomenon can be 

confirmed through the phase-averaged OH chemiluminescence images. The unstable 

flame under fuel-air mixture velocity conditions, shown in Fig. 5.8(b), is confirmed to 

have a different behavior from the flame under high fuel-air mixture velocity conditions. 

When the constant pressure was first measured, the pressure difference between front and 
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rear of the combustion chamber was almost constant. Therefore, it is expected that the 

flame will be retarded in an area where the dynamic pressure at the front of the 

combustion chamber relatively gets smaller than the rear, that is, in an area where the 

pressure gradient relatively gets lowered. Unlike the fact that the brightness of flame 

under high fuel-air mixture velocity conditions is reduced, it is possible to check that the 

brightness of flame becomes brighter than the flame of low mass flow rate on average. 

Besides, it was possible that the vortex structure developed at the flame edge and the 

vortex structure developed this way was pushed backward while gradually losing the 

flame brightness by the rise in mass flow rate in an area where the pressure at the front of 

the combustion chamber increases. In other words, an explanation can be presented as to 

changes in flame length through the pressure gradient formed of combustor inside. 

Especially the flame under low fuel-air mixture velocity conditions was confirmed to 

reveal characteristics different from the flame under high fuel-air mixture velocity 

conditions such as forming the vortex structure at the flame edge. 

We conducted an analysis on the basis of variation in flame angle, illustrating a 

graph through the flame angle for each phase and the OH chemiluminescence intensity. 

Fig. 5.9 could check out change in flame angle and heat emissions, and that the behavior 

of the 5th dynamic pressure sensor closest to the combustion chamber displays a small 

phase difference and issues a sequential vibration. That is, it can be confirmed that this 

does meet the Rayleigh’s criterion that causes combustion thermo-acoustic instability. On 

top of this, it is possible to confirm that the fluctuations caused by heat release rate 

oscillation through the phase difference in each data are propagated to the upper class and 

that such a fluctuation in pressure waves causes a change in flame angle. The paper of 

Candel et al. [14, 15] once reportedly says the pressure fluctuations change the swirl 

number of a swirler to bring change to the flame structure. This means that the flame 

structures are influenced by mixture perturbation and this oscillation changes the flame 

angles. 
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Equation (5.1) shows that velocity fluctuation results in swirl number perturbation 

and dynamic pressure oscillation. Therefore during at instability conditions when pressure 

oscillation occurs, it results in swirl number perturbation and this phenomenon has an 

effect on flame stability and fluctuation of heat release. As identified in Fig. 5.10, a 

difference is created if the identical analysis is performed in instability under low fuel-air 

mixture velocity conditions. The order of generating heat release rate oscillation wave 

and pressure fluctuations and change in flame angle is consistent, but its phase difference 

can be confirmed to be over 90° or close to 90°. 
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CHAPTER 6 

EFFECT OF FUEL-AIR MIXING SECTION 

6.1 Background and Objectives 

This chapter is focused on studies of combustion instability characteristics relate 

with the model combustor length and inlet mixing section geometry. Previous studies 

were conducted to observe the phenomenon of combustion instability and flame structure 

[1, 2] in the combustor having a simple fuel nozzle with the swirl effect and to investigate 

a method of analyzing the cause and mode of combustion instability [3, 4]. Based on the 

results of the previous studies, however, this chapter observed the phenomenon of 

combustion instability by changing the combustor length and its fuel-air mixture velocity 

to discover the characteristics of the combustion instability mode and their kinds in a 

combustor simulating an actual gas turbine for power generation. At this point, this study 

of fuel-air mixing section geometry confirmed the conditions of heat release oscillation 

by changing the fuel-air mixture velocity and equivalence ratio and verified the exact 

causes of combustion instability by analyzing the instability modes and phases appearing 

during the combustion instability by multi-channel dynamic pressure sensing 

measurement [5] in both the combustor and the inlet mixing section. 

6.2 Experimental Method and Conditions 

The combustor used for this study is a 1/3 scale model gas turbine combustor 

simulating the GE 7FA+e DLN-2.6 gas turbine combustor, which is characterized with 

premix and a swirl-stabilized flame as shown in Fig. 6.1. The model is composed of an 

air-heating device, air supply lines, fuel nozzles, a flame visualization quartz combustor 

and a spike-typed plug nozzle for the exhaust duct as an acoustic boundary. As one of the 

main variables for this experimental study (as shown in Table 6.1.), the fuel-air mixing 

section was located between the combustor dump-side and the choking orifice at the back 
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of the air-heating device, which came in three lengths, 470 mm, 550 mm, and 870 mm, 

although all inlet mixing section had an inner diameter of 40 mm as shown in Fig. 6.2. 

Table 6.2 shows the experimental conditions of this chapter. A swirl injector used for this 

device is an axial-typed injector, which has 10 swirl vanes set at the angles of 0° and 30°. 

Fuel is injected at 20 mm detached spot from the swirl vane, 10 nozzles, each of which 

has a 1.2 mm-sized hole, and is pre-mixed with air through the 140 mm-sized mixing 

length. The swirl number of the swirl injector used for this research was about 0.42. A 

circular stainless steel (@ case 1, 2) and a quartz tube (@ case 3 ~ 8) for the flame 

visualization were alternately used, and the diameter inside the combustor was 120 mm. 

The plug nozzle placed at the exhaust duct was supposed to function to change the 

resonant frequency of the combustor by making an acoustic boundary that blocks 91% of 

the combustor exhaust duct, which was designed to regulate the length of the combustor 

by 0.1 mm from 800 mm to 1680 mm through the stepper motor located in the exhaust 

part of model gas turbine combustor. 
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Table 6.1 Experimental cases for various combustion instability conditions. 

Test case 
Injector 

type 

Combustion 

instability 

mode 

Inlet length 

[mm] 

(Plenum) 

Combustor 

length  

[mm] 

Mixture 

velocity 

[m/sec] 

Equivalence 

ratio  

(Φ) 

Case 1 No swirl 1L 470 1000 70 0.9 

Case 2 No swirl 2L 470 950 70 1.1 

Case 3 30° swirl 1L 470 1000 70 1.1 

Case 4 30° swirl 2L 470 950 40 1.2 

Case 5 30° swirl 1L 550 1050 70 1.0 

Case 6 30° swirl 2L 550 950 40 1.1 

Case 7 30° swirl 1L 870 1650 60 1.1 

Case 8 30° swirl 2L 870 1650 70 0.8 
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Table 6.2 Experimental conditions. 

Parameters Values 

Fuel type 
Natural gas  

[ CH4(89.4%) + C2H6(8.6%) + C3H8(1.39%) ] 

Inlet air temperature [K] 673 

Fuel temperature [K] 318 

Swirl vane angle No swirl, 30° swirl (swirl number = 0.42) 

Mixture velocity [m/sec] 30, 40, 50, 60, 70 

Equivalence ratio (Φ) Blowout limit ~ 1.2 

Inlet mixing section length [mm] 470, 550, 870 

Combustor length [mm] 800 ~ 1680 

Blockage nozzle [mm] 128 (Blockage ratio : 91%) 

 

To observe the oscillation of dynamic pressure occurring during the combustion 

experiment, we used five 102A05-type dynamic pressure sensors, manufactured by PCB 

Company, for the inlet mixing section and six for the combustor, as well as infinity 

probes, which suppress the reflected wave of dynamic pressure [6, 7]. In addition, the 

sampling rate was observed by receiving 10,000 data per second, and through Fast 

Fourier Transformation (FFT) techniques, it was possible to analyze them up to 5,000 Hz. 

Moreover, OH* chemiluminescence was measured from the flame around the dump side. 

By using a high-speed ICCD camera made by Photron Company, we photographed 

flames at the speed of 1/6000 fps, and were able to obtain the pressure oscillation and 

heat release values from the time axis in the same experimental conditions by phase 

locking the dynamic pressure sensor. 
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6.3 Stability Map 

By conducting a combustion experiment in different experimental conditions with a 

model gas turbine combustor, this study conducted an experiment to confirm the flame 

stability map. Fig. 6.4 is a graph showing the dynamic pressure values observed in all the 

experimental conditions when the angle of swirl was 0° and the length of the fuel-air 

mixing section was 470 mm. At this point, the 4th dynamic sensor detached from the 

dump plane was used as the standard dynamic pressure point. As shown in the graph, as 

the mixture velocity increased, the combustion tended to be unstable, and especially the 

combustion generally appeared unstable when the fuel-air mixture velocity was 70 m/s. In 

conditions where the fuel-air mixture was higher in the velocity region, the modes of 

combustion instability were divided into two kinds, depending on the combustor length 

and the equivalence ratio. Also, in the sections where the fuel-air mixture was lower in 

the velocity region, an insufficient supply of heat energy led to unclear acoustic 

boundaries, as well as failing to cause the phenomenon of thermo-acoustic instability. 

Also, it was found that instability did not occur under all of the conditions of the 

combustor length but in specific conditions of the combustor length, between 950 to 1050 

mm. In other words, in the condition of combustor resonant frequencies calculated on the 

assumption that the combustor is a closed boundary condition, combustion instability 

took place by coupling with heat release oscillation, through which the combustion length 

was verified as an important variable causing combustion instability [8, 9, 10]. 

Figure 6.5 is a graph showing the dynamic pressure values observed in all the 

experimental conditions when the fuel-air mixing section length was 470 mm with 

conditions of the 30° swirl effect. At this point, 6th dynamic sensor detached from the 

dump plane was used as the standard point. In the graph with a 470 mm inlet mixing 

section with a length condition of 30 m/s in the mixture velocity, another kind of 

combustion instability phenomenon occurred. This is caused by the flame vortex, which 

in turn result from a low mixture velocity according to the geometric condition of a 

provided dump combustor. This, in turn is, not a phenomenon of thermo-acoustic 
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Figures 6.7 and 6.8 is a graph showing the dynamic pressure values observed in all 

the experimental conditions when the angle of swirl was 30° and the length of the fuel-air 

mixing section was 550 and 870 mm. Thus, this study found that the length of the fuel-air 

mixing section in the driving part of the combustor is important variable causing 

combustion instability, which will be verified by analyzing mode and phase analysis from 

the result values on next section and multi position dynamic pressure sensing system. To 

find out if the specific combustion instability characteristics of 2nd longitudinal mode (2L), 

appeared in another experimental condition, it was tested in different lengths of the 

mixing section, such as 550 mm and 870 mm. When the length of the mixing section was 

550 mm as shown in Fig. 6.7, the flame stability map, combustion instability 

characteristics were found to occur in all the mixture velocity conditions as well. As a 

result, it was clear that in the mixture velocity condition related to the mixing section 

length where fuel and air get mixed well with about 0.42 swirl number, combustion 

instability characteristics existed as well. As result from previous section, however, it was 

confirmed that the combustion instability phenomenon doesn’t appear in all the 

combustion chamber length conditions, but instability characteristics became stronger as 

the combustion chamber became longer in length. When the mixing section length was 

870 mm as shown Fig. 6.8, this experimental study attempted to find out if the instability 

frequency of 2L mode occurs in other frequency band domains, not in such similar 

conditions as 470 and 550 mm in the length of the mixing section. Therefore, by changing 

the mixing section length, this experiment provided a flame stability map by confirming 

all the experimental variable conditions. As shown in the picture, as the higher mixture 

velocity condition into the combustion chamber, heat flux energy increases as well, 

leading to confirming that combustion instability characteristics also increase. Besides, it 

was also found that combustion instability characteristics occurred in a specific length of 

the combustion chamber through the coupling of heat release and acoustic oscillation 

energy.  
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To analyze the combustion instability frequency, on the assume that acoustic waves 

occurring inside the combustion chamber was a 1-dimentional acoustic wave and the 

temperature was constant value in the combustion chamber, the resonant frequency of the 

combustion chamber was predicted. The predicted frequency of longitudinal mode (n=1) 

of the combustion chamber had a range of about 330 ~ 490 Hz, but in this study, it was 

found that the combustion instability characteristic mostly appeared in an experimental 

condition where the longitudinal mode was in the frequency band of 367 ~ 404 Hz. This 

experiment also found that when the resonant frequency of the combustion chamber, 

calculated by the length and temperature of a combustion chamber, accorded with a 

specific frequency, a strong combustion instability phenomenon appeared. Also, there 

have different of secondary instability mode around 829 Hz. This instability frequency 

indicated that second half wave mode of combustor and quarter wave mode of inlet 

mixing section acoustic boundary which is related to closed-closed acoustic boundary 

condition of combustor and closed-opened boundary condition of plenum. And this 

experimental study has been almost same combustion instability characteristics in another 

inlet mixing section length conditions.  
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When the inlet mixing section length changed to 470, 550, and 870 mm, the FFT 

spectrum of the main frequencies of combustion instability was affected by the change of 

the equivalence ratio, which is shown in Fig. 6.10. When the circumstances of the inlet 

mixing section length were 470 mm with a combustor length condition of 1000 mm 

without a swirl effect and the fuel-air mixture velocity was 70 m/s, the equivalence ratio 

was 0.9 and 1.2 respectively, and the combustion instability appeared strongest when the 

equivalence rate was 0.9. At this point, the combustion instability frequency was 375 Hz. 

That is, a phenomenon was found in which the frequency of combustion instability 

changed by the combustor length, and when it was outside of the specific instability 

frequencies, the combustion instability phenomenon disappeared. When the equivalence 

ratio was 1.2 and the length of a combustor was 950 mm, the combustion instability 

phenomenon appeared at the strongest. Also, when the combustor length tuned where a 

specific frequency of, 829 Hz, and the acoustic mode of a combustion chamber accorded 

with each other, a strong combustion instability phenomenon appeared. Furthermore, 

when the inlet mixing section length was 550 mm and the equivalence ratio was 1.0, the 

combustion instability mode occurred relative to the 1st longitudinal mode (1L) of the 

combustion chamber while the length of the combustion chamber was changing to 1050 

mm. In the case when the equivalence ratio of 1.1 became larger, an instability mode 

occurred related to the inlet mixing section length. Likewise, even when the inlet mixing 

section length was 870 mm, the instability mode changed as the equivalence ratio 

changed. In consequence, we discovered, the phenomenon in which the average 

temperature changes as the inlet mixing section mixture velocity and the equivalence 

ratio change, further changing the instability frequency, and the combustion instability 

mode suddenly changes by the matching of the lengths of the combustion chamber and 

the inlet mixing section. 
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decreases, and the result of the 1L mode shows the combustion instability characteristics 

in conditions related to the inlet mixing section length of an injector group having swirl 

effect. Also, it was found that as the equivalence ratio increases, the heating energy of the 

combustion chamber increases as well, leading to thermal choking. Then, the acoustic 

boundary of the combustion chamber became clearer, which made it possible to see the 

size of the increase in combustion instability. 

As shown in Fig. 6.11(b), where the inlet mixing section length was in a short 

condition (470, 550 mm), that is, in the section where the 2L mode changed to high 

frequencies, since the temperature and length of the combustion chamber accorded with 

those of the fuel-air mixing section, the combustion instability of the 2L mode was 

suitable for the inlet mixing section and combustor lengths in the section over 1.0 of the 

equivalence ratio, and as the energy dispersion into surrounding areas became larger than 

the case of the 1L mode, the size of the instability was found to be smaller by about on 

half. On the contrary, in the section where the frequency of the 2L mode was in the low 

instability frequency region with 870 mm in the length of the fuel-air mixing section, the 

2L mode occurred when the equivalence ratio was low. It was also found that in a 

condition where the equivalence ratio was high, the 1L mode occurred. This was because 

in a flame condition where the combustion chamber temperature became suitable to 

accord with the frequency, the relevant combustion instability phenomenon occurred as 

well. A theoretical analysis likely to calculate this phenomenon is as shown in Eq. (4.1) 

and (4.2). And it is assumed that the movement course of energy in a gas turbine 

combustor is in the axial direction and the average temperature is constant with 1-D 

standing waves theory. 
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Figure 6.12 shows the combustion instability characteristics depending on the 

change of the combustor length. As explained earlier, the reason why the 1L and 2L 

modes have main combustion instability is not because of the conditions related to the 

combustor length condition but because of the conditions related to specific combustion 

chamber lengths. Especially, in an instability case where the 2L mode occurred, it was 

found that instability modes appear when the acoustic boundary of the inlet mixing 

section accords with the frequency corresponding to the second quarter wave mode. All 

of the experimental results from this study are listed in Table 6.3. 

 

Table 6.3 Experimental results for various combustion instability conditions. 

Test case 

Plenum 

temperature 

[K] 

Combustor 

temperature 

[K] 

Main 

instability 

frequency 

[Hz] 

Main 

instability 

magnitude 

(p’/pmean) 

Estimate 

value of 

plenum  

[Hz] 

(Quarter 

wave mode) 

Estimate 

value of 

combustor 

[Hz] 

(Half wave 

mode) 

Case 1 397 1150 378 0.1242 276 375 

Case 2 398 1268 829 0.0351 829 827 

Case 3 395 1126 358 0.0531 264 353 

Case 4 396 1068 790 0.0189 791 785 

Case 5 401 1116 361 0.0548 237 360 

Case 6 403 995 735 0.0253 712 750 

Case 7 385 1050 231 0.0578 144 225 

Case 8 388 950 425 0.0673 432 442 
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6.5 Combustion Instability Mode and Phase Analysis 

For the combustion instability phenomenon to take place in a model gas turbine 

combustor, acoustic waves and heat release waves, which are likely to appear due to the 

form of the combustion chamber, are required to interact with each other. Basically, 

therefore, combustion instability frequencies are generated by the acoustic wave from the 

combustion chamber or the fuel-air mixing section connected to it. Fig. 6.13(a), 6.14(a), 

6.15(a) and 6.16(a) show the results of the combustion instability of the 1L mode having 

frequencies between 240 and 350 to 400 Hz occurring in specific combustion chamber 

lengths, fuel-air mixture velocities, and equivalence ratio conditions and also show the 

pressure oscillation magnitude and phase differences observed from 11 dynamic sensors 

installed in the fuel-air mixing section and the combustor section. The lines in the graphs 

show the estimated values of dynamic pressure in each location of the combustion 

chamber, and the round red dots show the values of dynamic pressure measured in each 

location. As shown in the graphs, most of the dynamic pressure values obtained from 

each location are almost the same value as the estimated ones, but there was a slightly 

different value in the dynamic pressure data from the end of the combustor because of the 

lower temperature around the blockage nozzle located at the back of the combustion 

chamber. In the case that the length of the inlet mixing section with no swirl effect was 

470 mm, as the sensor located in the air supply device got closer to the combustion 

chamber, the phase difference got smaller, further having almost the same phase and 

oscillation in the combustor. This is well described with square-shaped black dots 

indicating phase differences from the standard dynamic sensing point. Likewise, from 

such different length conditions as 470, 550, and 870 mm along with a 30° swirl effect, 

the same experimental results can be obtained. Furthermore, based on the middle location 

of the combustion chamber where the pressure node is located, it was found that there 

was a phase difference of about 180° in the values of dynamic sensors in the front and in 

the back of the combustion chamber. This can be explained by reference to the response 

characteristics of a flame, as described in a recently conducted research titled “Flame 
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Transfer Function” [17, 18]. Specific frequency bands where combustion instability 

appears strong are determined by the combustor length, the location of a fuel injector, and 

the type of fuel-air mixing. When a combustion instability, the pressure oscillation from 

the combustion chamber appears stronger than that from the air supply line, through 

which the flame response function of a combustor used for the related experiment can be 

obtained, thus predicting that the band of 240 Hz and between 350 and 400 Hz can be the 

maximum frequency band by which the flame is affected by acoustic waves around the 

1L mode, depending on the length conditions of the inlet mixing section. 

Figures 6.13(b), 6.14(b), and 6.15(b) show the amplitudes and phase differences of 

the pressures measured when the combustion instability phenomenon takes place mainly 

in a higher equivalence ratio between 1.0 and 1.2. At this point, the acoustic wave of the 

combustor was assumed to be in the half-wave mode, and for the inlet mixing section, it 

was assumed to be in the quarter-wave mode. The lines in the graph show the expected 

values of the longitudinal mode (n = 2) of the combustion chamber, while the dashed 

lines show the expected values of the longitudinal mode (n = 2) of the fuel-air mixing 

section. Each dot shows the pressure amplitude measured from the dynamic sensors in 

each position. In addition, the fifth dynamic sensor is the one located after the swirler and 

was found to be greatly affected by the pressure field of the combustor section. Like the 

previous results, most of the dynamic pressure values tend to be almost the same as the 

expected values, and in a condition in which the combustion instability phenomenon 

appears, which corresponds to the longitudinal mode (n = 2), the same results can be 

observed. Square-shaped black dots show the phase difference between dynamic pressure 

sensors, and in a spot between 1/3 and 2/3 of the combustion chamber, the pressure node 

appears, and it was found that the phase difference of dynamic pressure sensors in the 

front and in the back of the spot was about 180°, through which it was possible to confirm 

the combustion instability of the 2L mode connected with the combustion chamber and 

the fuel-air mixing section that are assumed above. Unlike the 1st longitudinal mode (n = 

1), which is describe in the previous results above, the pressure value measured from a 

pressure sensor located in the inlet mixing section was a little higher than that measured 
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from the combustion chamber. Therefore, when such a combustion instability 

phenomenon takes place, the pressure oscillation occurring in the inlet mixing section has 

large values around 10%, compared to the average static pressure, through which the 

combustion instability phenomenon of the 2L mode has an effect on the acoustic pressure 

field occurring in the inlet mixing section and even on the oscillation of the supplied fuel-

air mixture. In this experiment, when the combustion instability phenomenon takes place 

in each frequency band, the fluctuation of the equivalence ratio due to the oscillation of 

the supplied fuel-air mixture can be regarded as combustion instability caused by a 

relatively strong pressure oscillation from the inlet mixing section, rather than being 

amplified through interaction with acoustic waves. When such a phenomenon of 

combustion instability appears, not only the resonant frequency of a combustion chamber 

but the resonant frequency appearing in the inlet mixing section are calculated as values 

similar to the frequency of combustion instability. 

In a condition where there is no swirl effect as shown in Fig. 6.13(b), the frequency 

of combustion instability obtained from this experiment was found to be 829Hz, and the 

resonant frequency of the fuel-air mixing section, which was calculated by 1-D acoustic 

wave theory, was found to be 829 Hz and the resonant frequency of the combustion 

chamber was 827 Hz. This appeared equal in the various other inlet mixing section 

experimental conditions, and, depending on the mean temperature conditions of the 

combustion chamber and its inlet mixing section, the instability frequency became a little 

lower. However, given the results of this research on the modes and phase differences of 

dynamic pressure, this study verified the validity. It is the same in the condition as shown 

in Fig. 6.16(b), where the equivalence ratio was formed to the contrary, and it was found 

that when the combustion instability phenomenon of the 2L mode with relatively high 

frequencies actually took place, the form of the fuel-air mixing section is greatly affected.  
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CHAPTER 7 

SPRAY CHARACTERISTICS OF CANTED 

INJECTION ANGLES 

7.1 Background and Objectives 

The liquid spray jet, which injects perpendicularly into the crossflow, is used as the 

fuel, air and steam injection device for propulsion units. These units then take the air as 

the oxidizer, such as the secondary injection for RQL burner, liquid ramjet engine, 

running on the power obtained through the combustion of the mixture of the air and the 

fuel, or the after-burner of the gas turbine engine. In addition to these propulsion and 

power devices, it is also used in the flow control for the aircraft engine performance 

enhancement and stability, the film-cooling of the turbine blades, and, recently, the 

second fuel injectors to actively control the combustion instability of the liquid ramjet 

engine or the gas turbine engine. As shown in Fig. 7.1 the injection structures of the 

vertical spray jet are generally defined according to three types: the liquid column region 

which is maintained in proportion to the size of the injector exit immediately after the 

initial injection; the liquid clumps (ligaments) region where the droplets are bigger than 

the droplets of the wake flow due to the start of the division generated by the injection 

velocity of the fluid and the drag of the air-flow field and later on, the spray plume region 

(droplet region) where the atomization into tiny droplets occurs as it proceeds to the wake 

flow.  

Also, the trajectories of the test spray jets are classified into two types: the trajectory 

of the liquid column region which is the liquid column of the test fuel immediately after 

the initial injection and that of the spray plume region formed by the small droplets after 

the breakup point. Each of the spray jet trajectories infers the exiting distance of the 

flames as being mixed with the cold air or hot one, decides the shape of the combustion 

chamber depending on the design of the injector, and can decide mixing time of the fuel 
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representative research on the trajectory of the vertical injection, whose fuel injection 

angle with the crossflow of the air is 90°, is as follows; Schetz and Padhye et al. [1] 

suggested that the maximum penetration height is the distance required to turn the 

momentum flux of the liquid jet injection into the air flow direction. They stated that the 

penetration height is approximately ~6.25 times the nozzle diameter and that it relates to 

the liquid/gas momentum flux ratio. Wu et al. [2] derived the spray trajectory and the 

breakup point of the liquid column region from the free-body diagram of the force 

equilibrium [3, 4]. Nguyen and Karagozian et al. [5] predicted the trajectories under the 

combustion condition and the non-reaction condition by converting the interaction 

between the crossflow and the fuel injection liquid column into a numerical modeling 

method. Tamaki et al. [6] performed a study on the spray injection and breakup 

characteristics of the cavitation phenomena decided by the internal shape of the orifice. 

Song et al. [7] found that cavitation or hydraulic flip effect has an influence on trajectory 

and Sauter Mean Diameter (SMD) of spray plume region. An introduction of effective jet 

diameter and effective jet velocity with various spray conditions was proposed. 

For the research on the spray whose injection angle is less than 90°, Fuller et al. [8] 

suggested the liquid column trajectory relation at the injection jet using the same method 

as Wu et al. Also, the research on the liquid column location defines the breakup regime 

parameter in proportion to the aerodynamic breakup, which breaks due to rapid air-flow 

depending on each injection condition and spray angle, and the non-aerodynamic breakup, 

which in turn breaks due to the inertia and the turbulent forces that the jet itself has 

without getting influenced much by the air, and deprives the relation to the breakup point 

through the experiments. Also, Costa et al. [9] confirmed that the liquid column region 

trajectory relation of the injection is influenced more by the injection velocity than the 

crossing air velocity, and analyzed the phenomena using the SMD by the fuel injection 

angle, through the research on the injection angle of less than 90°.  

Therefore, this research suggests the relation between the liquid column trajectory 

and the distance to the breakup point at various forward injections through high resolution 

direct photography technique [10, 11, 12] and PLLIF (Planar Liquid Laser Induced 
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Fluorescence), which is an applied measurement technique, conducts the comparison 

analysis with the prior research findings and additionally aims to confirm the relation to 

the reverse injection. 

 

7.2 Experimental Methods 

7.2.1 Design of angle injectors 

The exit diameter of the injector (d) was fixed at 0.5 mm, and the internal structure 

of the injector was formed by the orifice and the chamber. The diameter of the chamber 

(D) is 12 mm and here, the type of internal flow is decided depending on the ratio of the 

orifice length (L) and diameter (L/d), and it is known that hydraulic flip occurs generally 

when L/d ≤ 8 [6] and in other cases, instead cavitation phenomena occur. Also, the flow 

with or without cavitation is decided by the curvature of the inner chamber and orifice. 

Since this research did not consider the phenomenon of the internal flow of the injector 

by the cavitation or hydraulic flip, the curvature was set as R/d = 1, which indicates that 

the inlet radius (R) and the orifice diameter are the same. It is known that when R ≥ 

0.14d, normally the vena-contracta does not form and coordinately the cavitation does not 

occur either [6]. Fig. 7.2 is a picture of the injector shape used for this research. For the 

study of injection characteristics according to injection angle, we were manufactured the 

orifices of the various injection angles such as 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135° 

and 150°. 
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Table 7.1 Experimental conditions. 

Parameters Values 

Air velocity [m/s] 60 

Air temperature [K] 300 

Fuel temperature [K] 318 

Fuel Water + Ethanol 

(Mixture ratio) Water : Ethanol = 4 : 1 (Ethanol 20%) 

Orifice diameter [mm] 0.5 

Orifice shape Inner round edged (L/d=20) 

Pressure Differential [∆P, bar] 1, 2, 3, 4, 5 

x/d 
40, 60, 80, 100, 120 

(Normalized Transverse Distance)

Injection angle 30°, 45°, 60°, 75°, 90° 105°, 120°, 135°, 150° 

(Normalized Transverse Distance) (Forward injection) (Reverse injection) 
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about 2~10㎛. About 2000~3000 photographs for each experimental case of the trajectory 

and the breakup point of the liquid column region were taken to maintain the 

experimental error range within 5% [13]. Also, the injection structure was observed using 

the PLLIF technique, which is capable of measuring the intensity values of the 

fluorescence signal and the scattering signal for the comparison analysis with the present 

experimental results of the trajectories and the breakup length obtained by direct 

photography technique.  

Figure 7.3 shows the experimental devices for PLLIF and the direct photography 

techniques. The mixture of water and ethyl alcohol (of volumetric ratio 4:1) was used as 

working fuel, and the fluorescent (C20H12O5, Aldrich F245-6) of 30 mg was dissolved into 

the simulant working fuel of 1 liter. Because of the fluorescent absorbs light in the 

wavelength range from 400 to 530 nm, and the experiment fuel was heated to 318 K to 

obtain the non-cavitation flow. For the specific gravity of the experiment working fuel, 

the fuel similar to that of the previous research result was used, and the working fluid 

similar to the fuel specific gravity at the real combustor was used. The size of the visible 

area is 50 mm x 50 mm x 330 mm, air with a velocity of 60 m/s was blown in by the 20 

hp blower, and the stabilized air in the settling chamber was supplied to the test section 

after passing through the honeycomb for the uniform air-flow. 

For the LEXEL’s, an argon-ion laser was used, and for the major beam, Dantec’s 

fiber-optics were used to convert into the planer beam. The fluorescence signal and the 

scattering signal obtained by PLLIF were installed into the digital camera Canon EOS 

D30 with the 28-105mm standard lens, and the 2X Vivitar enlargement lens was installed 

so that the image could be enlarged and taken. The high-pass filter that detects the 550 

nm wavelengths and the band-pass filter that detects the 514±5 nm wavelengths were 

installed into both cameras to obtain the fluorescence signal and the scattering signal. It 

was possible to obtain the experimental values by scanning the picture gained by the 

PLLIF scattering signal through the image processing and by considering the point where 

the lights are rapidly scattered as the breakup point. 
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effects, under the normal injection conditions that the fuel injection pressure differential 

is 3 bar and that the momentum flux ratio is 65.  

In the forward injection whose angle is less than 90° and in the reverse injection, as 

the fuel velocity q increases, the jet velocity increases accordingly so that it can be 

confirmed that the penetration distance of the crossflow into the air-flow field also 

increases. As shown in the following Fig. 7.4, in the area with the injection angle of less 

than 90°, as the injection angle decreases, the liquid column gets straighter and the 

penetration distance becomes decrease than the injections with other angles. Therefore, 

since the shear stress on the liquid column surface decreases, the atomization 

performance degrades compared to the cases with other angles injection. And since the 

velocity of the injection jet with the 30° injection angle processes is almost the same as 

the value of the velocity of the blowing air compared with the other injection angle 

conditions. The breaking forces due to the effects of the wavelengths caused by the free 

vibrations and the power of inertia, the own turbulence effect of the liquid column 

becomes bigger than the breakups caused by the air. Fuller at el. [8] mentioned that the 

factors that decide the penetration distance of the vertical injection jet are the injection 

angle and fuel/air momentum flux ratio (q) and also mentioned that in the low fuel/air 

momentum flux ratio (q) region, the liquid column has big waves. Furthermore, they state 

that due to this phenomenon, the surface of the liquid column gets distorted and breaks up 

due to the kink phenomenon. Chigier and Reitz et al. [14] mentioned that this is the fiber-

type breakup. 
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7.4 Liquid Column Trajectory in Forward and Reverse Injections  

Therefore, the trajectory experimental formula of the liquid column region can be 

calculated depending on the injection angle that is less than 90° and on the reverse 

injection. Here, x indicates the value of the axial distance of the axial (air-stream) 

direction, y indicates the value of the penetration distance of the penetration direction, d is 

the diameter of the orifice exit,   is the injection angle, vf is the fuel velocity and va is 

the value of the air velocity. 

The liquid column trajectory is decided by the drag coefficient, and Fuller et al. [8] 

defined the drag coefficient value of the sections where the experimental values of this 

study fit smoothly into the comparison with the theoretical value obtained by the equation 

derived of the experimental results with less than 90° and the force equilibrium. By the 

empirical formulas about liquid column trajectory of Fuller et al. [8], the error range was 

set within about 30% across the entire experiment, and the drag coefficient (CD) was 

obtained 4.4. Fig. 7.6 (a) shows the drag coefficient values through the comparison 

between the experimental and the theoretical value of the liquid column trajectory whose 

injection angle is less than 90° in this experiment, and this coefficient result was 

compared to the previous research result. In this research, the drag coefficient value, 

gained within a 3% error range across the entire experiment of 30°, 45°, 60°, 75° and 90° 

injection conditions was obtained as 1.3. Wu et al. [2] computed the drag coefficient 

value 1.7 based on the liquid column trajectory, obtained by taking the variables of the 

fuel type, injector exit diameter, air velocity, etc.  

The result of this experiment shows a good match with the experiment of Wu et al. 

[2] more than the drag coefficient value that Fuller et al. [8] suggested. This can be 

explained as the q condition of this experiment and the fuel type used in the experiment 

involving the mixed fuel of water and ethanol are similar to Wu’s experiment, resulting in 

a similar coefficient value. Also, it was detected that the drag coefficient value showed its 

difference caused by the errors of each experimental environment, the injector 

manufacturer, the orifice passage length, and the thickness difference of the liquid column. 
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it could be suggested that this was due to the differences in the proportion of the working 

fluid according to the Eq. (7.1), the experimental conditions and the drag coefficient 

which were used in the previous experiment. Fig. 7.7(c) is the graph that compares the 

measured experimental values in the injector group with the 90° injection angle and the 

previous research results. 

Likewise, the present study shows the different drag coefficient (CD) results from the 

studies by Wu et al. [2] and Fuller et al. [8]. This research derived the trajectory of the 

liquid column by the each injection angle, maintaining the error range of the experimental 

value and the theoretical value, through the experiment result with various injection 

angles condition provided than the previous research result, within 3%. Also, the drag 

coefficient for the 90° injection result has a similar value with Wu’s drag coefficient, and 

its reliability was confirmed since the experimental conditions that were formerly 

mentioned were similar. It was verified that the case with the forward injection angle 

showed differences due to the experimental condition and due to the experimental fluid in 

the prior experimental result. Fig. 7.8 shows a graph that compares the empirical formula 

of the liquid column trajectory obtained from the reverse injection experiment of the 120° 

and 150° injectors with the data categorized according to each angle. In the case of the 

experimental equation of the reverse injection, it can be verified that the reverse injection 

result matches the experimental value when the drag coefficient is 0.2. Moreover, it was 

confirmed that the drag coefficient of reverse injection matched in all regions with the 

results of additional experiments involving angles of 105°, 135° and others. 
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this experiment. Wu et al. [2] found out the relation of axial distance with respect to the 

wake flow to the breakup point (x-direction) and the penetration distance (y-direction) 

through the experiment.  

In the case of the 90° injection, it could be verified that most of the results of this 

research match with Wu’s equation because the drag coefficient value was similar in the 

trajectory result. Fig. 7.9(a) shows a graph of the axial direction breakup of the air-flow. 

The cases of 60°, 75°, 105°, 120° injection, which are similar to the 90° injection, show 

that the breakup points in the forward direction are similar. However, in the case of the 

reverse injection where it injects in the opposite of the proceeding direction, since the 

injection occurs in the opposite direction of the rapid airflow intake, it was identified that 

the distance to the breakup point becomes shorter due to aerodynamic forces.  

In the cases of the 30° and 150°, the axial breakup distance has the bigger value than 

in the cases of the rest of the injection angles where it similarly injects into the vertical 

plane of the flow field. This is considered since it indicates the tendency of it to breakup 

due to the power of the liquid jet rather than breaking up due to the air. The distance to 

the breakup point in the proceeding direction has somewhat larger value than the other 

injector group. In the case of the 150° reverse injection, the value is than 30° since it 

penetrates in the opposite direction of the air-flow direction. However, in case of 150°, in 

spite of the fact that it is a reverse injection, the axial distance to the breakup point shows 

similar results with the 30° injection. This is because as the q value increases, also for the 

reversed injection, the penetration distance remains constant to a certain degree. 

Furthermore, when it passes the maintained penetrated distance, rapid atomization is 

observed. Fuller et al. [8] suggested that in case of the injection with lesser angles, the 

penetration distance influences the injection velocity more than the breakup due to the air 

velocity, and the larger injection angles condition has shorten the axial direction distance 

to the breakup point in the experimental result performed to the range of 90°. It was 

shown that in the 90° case, the result showed a similar tendency with the breakup 

equation suggested by Wu et al. [2], and for the lesser angles, the contents were well 

matched with the findings by Fuller et al. [8] Finally, the distance to the breakup point 
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shortens as it injects closer to the vertical plane of the air-flow direction regardless of the 

normal injection or of the reverse injection.  

Figure 7.9 (b) shows the result related to the distance to the breakup point of the 

penetration direction. Since the injectors with the angle of less than 90° in the result of 

the graph have the relatively smaller penetration distance, their distances to the breakup 

point of the penetration direction become shorter than those of the injectors with other 

given angles. It was also verified that if the injection pressure differential increases, the 

penetration distance increases generally and so the breakup point lengthens.  

In the case of 30° injection, the flow velocity of the air and the velocity of the jet are 

almost identical. Also, in the case of 30° injection, compared to the other angled 

injections, the large scale atomization performance cannot occur. Therefore, it was 

identified that the distance to the breakup point of the penetration direction remains 

almost constant. In the case of 150° reverse injection, the distance to the breakup point of 

the proceeding direction is similar to the case of 30°, but as the trajectory wraps upwards 

by the characteristic of the reverse injection, the distance to the breakup point of the 

penetration direction gains a relatively bigger value.  

Also, in the cases of 60° and 120°, the distance to the breakup point of the 

penetration direction remains similar regardless of whether it is the reverse injection or 

the normal injection. And it was verified that in the region where the injection pressure is 

low, there is no difference in the breakup lengths, but in the region where the injection 

pressure differential is high, there are different breakup length scale effects. It could also 

be identified that the distance to the breakup point of the penetration direction shortens in 

cases of 75°, 90° and 105° injection whose direction is close to the vertical plane of the 

air flow direction regardless of the normal injection or the reverse injection.  
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Figure 7.11 shows the empirical formula for the distance to the breakup point derive 

as Eqs. (7.2), (7.3), (7.4) and (7.5). It was demonstrated that the relation of the proceeding 

direction of the air flow and the breakup distance of the penetration direction varies 

depending on the forward injection or the reverse injection. 
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CHAPTER 8 

CONCLUSION 

Experimental investigations were performed on the flame structure and combustion 

instability characteristics of model gas turbine combustor for low NOx combustion. Also, 

secondary spray jet mechanism and the optimum combustion tuning method were 

conducted on model and stationary gas turbine combustor for validation of this 

experimental study. This study carried out a research on the combustion dynamic 

characteristics of partially premixed flame by changing the combustor length, the 

equivalence ratio, and the fuel-air mixture velocity of nozzle exit and depending on the 

length of the fuel-air mixing section length. The fuel-air mixture velocity and equivalence 

ratio were confirmed to be main variables for the phenomenon of combustion instability 

as they changed the response characteristics of flame and the average temperature 

conditions in the combustion chamber, and in such a condition as a diffusion flame 

without swirl effect, there was a higher dynamic perturbation value during combustion 

instability than in the condition of more premixed type flame, causing a 30° swirl effect. 

In addition, it was found that larger combustion instability took place in the section where 

the fuel-air mixture velocity was high.  

This study also investigated the relation between the combustion instability 

phenomenon and the formation of a recirculation zone through the PIV measurement 

technique. Although there has been considerable research on the mechanism of flame 

stabilization, the results mostly cover the closed-open boundary of combustors. This study, 

however, observed the structural characteristics of swirl-stabilized flame in a limited 

combustor through the PIV technique, and associated the results with thermo-acoustic 

instability characteristics. This study observed that when combustion instability occurred, 

flame vibrated cyclically, accompanied with the fluctuation of a recirculation zone. The 

fluctuation frequency of the recirculation zone was the same as the frequency of 

combustion instability, through which the fluctuation of the recirculation zone was 
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generated under combustion instability. It also was found that such a fluctuation in the 

recirculation zone causes fluctuations in the rate of mass flow and heat release within the 

recirculation zone, further functioning to generate and reinforce combustion instability. 

Experimental results of the relation between inlet velocity and combustion 

instabilities in model gas turbine combustor. In our experimental conditions, two 

dominant mechanisms affect the rising combustion instability. Structural change is mainly 

related with mixture fluctuation and this is proven by the changing of flame angles. As a 

result, the combustion instability mechanism was specified in two ways: one is swirl 

number perturbation and the other is flame length fluctuation based on pressure gradient 

variation. Swirl number perturbation was experimentally proven by OH 

chemiluminescence results and the change in flow rate was well matched with the 

pressure gradients of the combustor. These two dominant mechanisms work to amplify 

heat release fluctuation and this feedback loop maintains combustion instability. It was 

also found that frequency shifting occurs in conditions of low fuel-air mixture velocity 

condition. Therefore, we performed mode and dynamic pressure analysis, and 

consequently we estimate that at condition of low velocity, there is another reason for the 

occurrence of combustion instability. This is because of phase delay of heat release and 

dynamic pressure in low fuel-air mixture velocity conditions. Therefore, we calculated 

Strouhal number and found a difference in those conditions. We concluded that fluid 

dynamical vortex frequency has major effects on the combustion of low velocity 

conditions, making it unstable. 

From the results of inlet mixing section characteristics, this experiment observed two 

different modes of strong combustion instability frequencies, and it was found that both 

the frequency bands had a relation with the acoustic mode (Longitudinal mode, n = 1, 2) 

caused by the combustor length through amplitudes and phases measured by dynamic 

sensors located in the combustion chamber. Since a specific instability band frequency in 

which that combustion instability actually appears existed and since either the 1L or 2L 

modes were bands of acoustic mode likely to appear in case of combustion instability, it 

was found that the mean temperature (or equivalence ratio) and length of a combustion 
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chamber, which determine the acoustic frequency inside the combustion chamber, had an 

important influence on the phenomenon of combustion instability. The combustion 

instability phenomenon of the 1L mode observed in this experiment had a relation with 

the longitudinal mode of the combustor, and such a phenomenon of combustion 

instability is caused by the flame response characteristics while being coupled with heat 

release oscillation. This is also described in the previous researches on the existing gas 

turbine combustion instability. In the case of the combustion instability phenomenon 

where an instability mode is transited into a higher instability frequency, this experiment 

confirmed that it was a mode generated by the combination of the longitudinal mode of 

the combustor and the longitudinal mode of the inlet mixing section. When both the inlet 

mixing section and the combustion chamber had similar acoustic frequency domains, 

which correspond to n = 2 of the acoustical longitudinal mode, the combustion instability 

phenomenon was caused by the related frequency. It was also found that this phenomenon 

was more affected by the pressure oscillation from the fuel-air mixing section than from 

the combustion chamber.  

The findings as follows were achieved through experimental research on the spray 

injection characteristics depending on the injection angle (forward, reverse) within the 

jets in a subsonic crossflow field of RQL combustor for reducing the NOx emissions. 

Through the experimental studies on canted injection, it was identified that the trajectory 

and the distance to the breakup point of the liquid column region are the function of the 

fuel/air momentum flux ratio (q), injection angle ( ), axial distance, penetration distance 

and the drag coefficient (CD). The empirical formula of the trajectory and breakup length 

in the liquid column region by the injection angle was derived, and there generated the 

differences at constant value, the drag coefficient between the experimental equation of 

the liquid column trajectory on the forward injection which has a matching direction with 

the normal air-flow direction and that of the reverse injection.  

These experimental results make it possible to infer that when an actual gas turbine 

is optimum designed. The combustion values such as vmix, Φ, fuel and air mass flow rate 

are very important factor for study of combustion instability mechanism. Also, the swirl 
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APPENDIX A 

GE 7FA+e DLN-2.6 GAS TURBINE COMBUSTOR 

A.1 Introduction of DLN-2.6 Combustor 

The new utility gas turbine (GT) that often require compliance with NOx emissions 

as low as 2.5 ppm (5 mg/Nm3) based on a combination of 9-ppm (18 mg/Nm3) DLN 

technology coupled with 75% reduction Selective Catalytic Reduction (SCR) [1, 2, 3]. To 

suppress NOx levels to 9 ppm DLN combustors of many modern GTs must operate in 

lean premix mode near the lean blowout (LBO) limit, where the quantity of fuel in the 

air/fuel mix at the burner is barely sufficient to sustain combustion at low flame 

temperatures. The safe and reliable operation of modern combustors near the LBO 

requires a number of vital elements: (1) an in-depth understanding of the mechanisms that 

promote combustion stability at these extremely low fuel equivalence ratios, (2) precise 

manufacturing of key components with narrow design tolerances, (3) a reliable 

monitoring system to detect onset of instabilities in individual combustors and (4) 

protective passive or active control hardware and systems that can implement corrective 

actions such as changes in fuel splits or, in case of emergencies, Protective Load 

Shedding (PLS) or turbine trip. Obviously, PLS and turbine trips are not desirable events. 

Thus, operators often need to remain proactive in preventing onset of excessive pressure 

oscillations and combustion-induced vibrations and flame instabilities. The phenomenon 

of combustion instability has afflicted a wide range of ultra-low-NOx machines for a 

variety of reasons, including GE 7F, ABB 13E2 and GT24 and GT26, 

Siemens/Westinghouse 501F, and Siemens V64.3 and V84.3. Today, combustion 

instability is viewed as the major challenge facing the gas turbine industry. 

The GE 7FA+e is a high-performance gas turbine for a power generation that has 

been developed by General Electric and has the generating capacity (Pout) of 180 MW. 

This gas turbine engine is composed of an Inlet Guide Vane (IGV) to control air flow rate, 

a 15-stage compressor, a 14 can-type combustor, and a 3-stage turbine. For a combined-
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cycle thermal power generation, the GE 7FA+e gas turbine engine operates in connection 

with a starting motor, heat exchanger (heat-recovery steam generator or HRSG), and 

steam turbine. A Seo-Incheon power plant is located in the west side of Incheon city, 

South Korea. This electric power plant is a subsidiary company of WP (Korea Western 

Power Company) and operates 8ea GE 7FA+e gas turbines for a combine-cycle power 

generation. To reduce maintenance costs, the company is attempting to reduce NOx 

emission levels (involving a yellow plume; NO2 flue gas) during the start-up mode and 

combustion vibration during the loading mode for the GE 7FA+e DLN-2.6 gas turbine 

combustor.  

 

A.2 Operating Combustion Conditions of a DLN-2.6 Combustor 

The GE 7FA+e gas turbine is controlled by a microprocessor-based MARK-Ⅵ as an 

operating system. For power generation, the gas turbine mode changes during a mode 

transfer operation from the starting mode (Mode 1) to the base mode (Mode 6AQ) at the 

speed of up to 3600 rpm of a turbine shaft rotation. However, the combustor has a critical 

operating section with high NOx levels and a high degree of combustion oscillation. At 

the beginning of operation at Pout = 20 ~ 45 MW (Mode 3), the NOx level increases, 

while at Pout = 40 ~ 45 MW (Mode 6B), the combustion vibration increased with the 

increase of output power. Both problems are minimized by optimizing the mode transfer. 

The main idea of GT tuning is to control the amount of fuel and air mass flow rate 

entering the combustors. Fuel to the DLN-2.6 combustor is staged to operate the machine 

over the entire load range. Burners are brought on in stages, starting at Full Speed No 

Load (FSNL) with the center burner only and turning on additional burners as load is 

increased. The staging is accomplished by using four fuel systems. Each fuel system 

consists of a different number of nozzles coupled together via a common manifold. These 

systems are used alone or in combination with one another to maintain fuel / air ratio 

within a desirable range in the reaction zone. The mode names reflect the number of 
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burners that are being fueled in that mode. The suffix Q in mode 6Q reflects the fact that 

quaternary fuel may be in use. Mode 6Q spans the load range for 9/9 ppm NOx / CO 

operation. The machine lights on the PM2 and PM1 circuits. Following ignition, the PM1 

nozzles are turned off and the PM2 nozzles support combustion while the unit ramps to 

95 percent speed. At 95 percent speed, the unit transfers from mode 2 to mode 1 for 

continued acceleration to full speed no load (FSNL) and leading to synchronization. At 

approximately 10 percent load, the PM2 manifold is turned back on (3 nozzles = mode 3) 

and continues until 25 percent load. At this transfer point, the PM2 manifold is switched 

off, with the PM3 manifold turned on for operation in mode 4 to 50 percent load. All 

nozzles are turned on to enter mode 6 or 6Q with quaternary. Originally, the system also 

used modes 5 or 5Q with the five outer nozzles in operation. However, this mode was 

eliminated to simplify the staging and controls strategies [4]. Fig. A.1 shows the strategy 

of fuel staging and the process of mode transfer from Mode 3 to Mode 6AQ in a GE 

7FA+e gas turbine. Fig. A.2 shows the DLN2.6 fuel nozzle end cover downstream face 

with partial fairings. The nozzle has a plane orifice-type hole in a swirl vane and on the 

top of the nozzle. The choke orifice hole acts as an injector and acoustic barrier that 

prevents both the flow-oscillation effect on fuel injection and distribution in delivery lines 

and external disturbances from a reaction zone. The compressed air was supplied to a 

nozzle mount, and become partially premixed with fuel after delivery along the swirl 

vanes before combustion. 
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emission (NOx) levels while changing their outputs by 5∼10 MW unit within the range 

of 20∼60 MW. The total amount of fuel in the mode transfer varies linearly for outputs 

and the fuel quantity in each nozzle is known to be changed mainly by PM1 in Mode3, 

PM3 in Mode 6B, PM2 and 3 in Mode 6AQ. It is thought that such fuel quantities as PM1 

in Mode3, PM3 in Mode 6B, and PM2/3 in Mode 6AQ will work as main elements to fit 

the optimum dynamic pressure and exhaust emission levels when tuning the burner. 

 

A.4 Combustion Instability and NOx Emission Characteristics 

EINOx (Emission Index of NOx) depends on the fuel-mass flow rate and the 

residence time for exposure to hot flow of more than 1800K, as exposure time is 

proportional to the flame volume and length [6]. To understand the optimum tuning of gas 

turbine, the exhaust emissions and frequency spectrum of dynamic pressure measured 

along with fluctuations in value of control constants per output. First, we identified 

characteristic growth of the quantity of thermal NOx formed by higher temperatures at 

the combustion chamber in Mode 3 than in other Modes. The dynamic pressure had a 

higher level in Mode 6B (30∼45 MW) than in other Modes, and the characteristic 

frequency was close to 140Hz, outputs being kept at a 35∼45MW range, with the 

magnitude of dynamic pressure reaching approximately 0.6 psi. This feature comes up as 

the fuel quantity in PM3 fuel nozzle shows a rapid change, and given that almost no 

change in characteristic frequency according to turbine exit temperature is made, dynamic 

pressure is regarded to have the reflection of the cold flow prior to combustion and the 

characteristics of the chamber geometry near the nozzle, instead of the impact of the 

combustion field. This constant frequency is evidence that the flow is not affected by 

combustion. In addition, the fuel mass flow rate for nozzle PM3 is significantly changed 

in Mode 6B (Pout = 40 ~ 45 MW). Therefore, the pressure fluctuation may be caused by 

cold flow, and occur in the plenum chamber between the compressor outlet and the 

combustor inlet. The peak frequency of 140 Hz is therefore thought to be revealed as a 
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resonance frequency for the plenum chamber of nozzle PM3. 

The equation for bulk or Helmholtz mode is as follows; 
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                      (A.1) 

 

Where, A is the nozzle neck area, Ln is the nozzle neck length, and Vp is the plenum 

chamber volume [7]. Hubbard and Dowling [8] used a numerical calculation to study the 

acoustic resonances effect on an industrial gas turbine combustion system. These 

researchers reported that the resonance in a plenum chamber or in the delivery lines 

affects the local mixture of fuel and air around nozzles. The oscillation of the local 

mixture fraction influences the turbulent burning velocity and becomes one cause of 

combustion instability [9]. The plenum resonance frequency can be reduced by a 

Helmholtz resonator attached to a plenum chamber; this is a significant factor to keep in 

mind when designing a combustion system. 
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APPENDIX B 

DEVELOPMENT OF DYNAMIC PRESSURE 

TOOLKIT  

The main purpose of a stationary gas turbine is to generate power, and diagnostics 

will only be implemented when they are absolutely necessary for reliable power 

production. That is why optical access is only available as a safeguard to check for the 

presence of the flame, and not for detailed study. However, monitoring of the combustion 

process and related phenomena in large gas turbines though still limited is increasingly 

being recognized as a necessary part for safely operating ultra-low-NOx power turbines. 

Because of cost and other maintenance needs, combustion dynamic sensors are 

typically mounted on modern GE, Alstom, and S/W gas turbines only when required for 

intermittent measurement and burner tuning. GE performs tuning in the commission stage 

and after a major overhaul. For these intermittent tuning requirements, a permanent 

monitoring system may not be required. However, GE also offers remote monitoring, 

diagnostic and tuning of modern DLN 2.6 combustors with the permanent installation of 

a monitoring system. In most large Siemens and Alstom gas turbines, on-line dynamic 

pressure transducers are employed to generate an alarm if acoustic amplitudes exceed a 

preset limit, thus preventing damage to structural components. For purpose of 

completeness, this subsection presents technically available options to monitor 

combustion instabilities, although the industry relies almost exclusively on piezo-electric 

pressure transducers, which can pick up pressure pulsations over a wide range of 

frequencies pertinent to GT combustors. Sensors available to monitor flame stability 

under extreme lean combustion conditions can be divided into three main groups. 

Pressure sensors that monitor the frequency and amplitude of pressure pulsations caused 

by unstable combustion in enclosed chambers. These are Piezo-resistive transducers, 

piezo-electrical transducers and accelerometers [10].  

Figure B.1 shows the dynamic pressure sensor module for GE stationary gas turbine 
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Appendix C 

OPTIMUM COMBUSTION TUNING  

It is helpful for a more fundamental understanding of combustion conditions to 

check out the equivalence ratio in each nozzle (PM 1, PM 2, PM 3, Quaternary) along 

with the trends in the dynamic pressure distribution per output and exhaust emissions in 

DLN-2.6. If the Φ is 1, complete combustion takes place as it gets close to the theoretical 

air-fuel ratio. And if below 1, lean combustion takes place as the fuel gets a smaller 

portion in the fuel-air mixture, and conversely, rich combustion occurs as the fuel gets a 

higher portion. Table C.1 represents the variation in the control constant of a fuel nozzle 

changed in each mode as the combustion temperature shows an increase. This way, the 

fluctuations in flow rate of a fuel nozzle in each mode were able to be identified and a 

flame structure could be predicted. Table C.1 could identify that in Mode 3 the Φ was 

relatively high near the PM1 fuel nozzle, enough to impose impacts on the characteristics 

of exhaust emissions. In Mode 6B the equivalence ratio near the PM3 fuel nozzle 

noticeably dropped to induce heat release fluctuations by lean burn and caused 

combustion instability to occur in the combustion chamber. In general, the reactant attains 

complete combusting at a stoichiometric conditions (Φ = 1). However, from the point of 

view NOx emissions, the thermal NOx production is maximized due to the combustion 

temperature approaching adiabatic temperature [13]. In Φ < 1, the flame utilizing lean 

premixed fuel has the advantage of low NOx production, and the disadvantage of 

conferring a potential risk for combustion instability. At Φ > 1, the rich premixed-flame is 

available for flame stabilization, while it is disadvantageous to NOx reduction. So, The 

fuel rate of PM1 nozzle decrease as the NOx emissions level was decrease around 25 ppm 

in GE combustor. Hence, in Mode3 with a problem of exhaust emissions when tuning the 

burner, the fuel nozzle constant dropped by 25∼30 ppm, and in Mode 6B the pressure 

amplitude was reduced by about 52% compared to the existing one as the PM 2 constant 

value shows an increase, which leads to experiencing the optimal combustion control. 
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Table C.1 Tuning the equivalence ratio of each fuel nozzle. 

Combustion 

mode 

      Nozzle 

Power 
PM1 PM2 PM3 Quat. Total 

Mode 3 

Negative (5) 0.487 0.359 0 0 0.196 

20 MW 0.509 0.345 0 0 0.195 

Positive (5) 0.538 0.329 0 0 0.195 

Negative (5) 0.621 0.370 0 0 0.222 

30 MW 0.643 0.352 0 0 0.220 

Positive (5) 0.700 0.337 0 0 0.223 

Mode 6B 

Negative (5) 0.378 0.399 0.102 0 0.247 

40 MW 0.380 0.386 0.119 0 0.252 

Positive (5) 0.379 0.383 0.123 0 0.252 

Negative (5) 0.373 0.416 0.120 0 0.261 

45 MW 0.372 0.389 0.148 0 0.266 

Positive (5) 0.375 0.360 0.155 0 0.260 

Mode 6AQ 

Negative (5) 0.373 0.115 0.346 0.016 0.273 

50 MW 0.375 0.119 0.347 0.013 0.276 

Positive (5) 0.376 0.124 0.347 0.016 0.277 

Negative (5) 0.385 0.176 0.338 0.019 0.292 

60 MW 0.386 0.174 0.340 0.017 0.292 

Positive (5) 0.383 0.170 0.338 0.013 0.290 
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초 록 

 

본 연구는 친환경 저 NOx 가스터빈 연소기의 최적설계 인자 도출에 대한 

연구이며 항공용 및 발전용 가스터빈에서 사용되는 예혼합 연소기에서의 연소

동특성에 대한 실험적 결과를 제시한다. 가스터빈 연소기의 설계 인자인 연료

-공기 혼합기 속도, 당량비, 연료노즐 전의 연료-공기 혼합부의 공간 (plenum) 

및 연소실의 길이 등의 변화에 따른 화염안정화 지도를 작성하였고, PIV 

(Particle Image Velocimetry), OH 자발광, He-Ne 레이저 광산란 기법 등을 동압과 

위상동기화 하여 안정 및 불안정한 화염의 구조를 분석하였으며, 자체 개발한 

다체널 동압측정 시스템을 이용하여 전체 연소기에서 구간별 동압을 실시간으

로 측정하여 연소실에서 발생하는 불안정 특성의 원인을 파악하였다. 열방출

의 섭동과 11개의 동압센서에서 측정되는 동압의 모드와 위상차 분석을 통하

여 연소불안정의 원인을 정확히 파악할 수 있었고, 연료-공기 혼합기의 내제

적 불안정에 의해 발생되는 화염의 와동구조 불안정과 연료-공기의 혼합부의 

길이가 연소불안정에 크게 영향을 미치는 것을 확인하였다. 이를 통해서 친환

경 가스터빈 연소기 제작을 위한 설계 인자를 명확히 확인하였다. 또한 RQL 

연소기에서 사용되는 2차 산화제의 빠른 혼합을 유도하는 분무의 분사각도별 

액주의 궤적과 분열거리를 측정하여 실험으로 인한 경험식을 도출하였다.  

부분 예혼합 연소기와 30도 각도의 스월러를 가진 천연가스 연료분사기에

서 발생한 화염구조와 재순환 영역의 형성이 연소불안정에 미치는 영향에 대

하여 실험적으로 연구한 부분에서는 PIV 계측기법으로 연소장에서의 화염의 

안정화 그리고 불안정한 영역에서 유동장을 확인해 보았다. 스월러에 의한 재

순환 영역은 화염의 안정화 및 난류의 강도뿐만 아니라 재순환 영역의 크기에 

따른 화염 재점화에도 영향을 주었고, 연소불안정으로 인한 연소기 내부의 압

력구배에 의하여 중앙 재순환 영역에서 유입되는 연소가스의 질량유량의 변동
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이 화염의 각도와 모양을 변경시키고 이것이 열방출 섭동을 발생시켜 연소불

안정 발생의 주요 원인이 되고 있음을 확인하였다. 

연료-공기 혼합기 속도에 의한 연소불안정과 화염구조와의 상관관계에 대

한 연구에서는 당량비 1.2 조건에서 연료-공기 혼합기 속도를 30 ~ 70 m/s까지 

다양한 실험조건에서 수행하였다. 이를 통하여 연소불안정 현상이 낮은 혼합

기 속도조건과 높은 혼합기 속도조건에서 발생하는 것을 확인할 수 있었고, 

낮은 혼합기 속도조건의 불안정에서는 화염의 끝단의 와동구조가 연소불안정

현상에 영향을 끼친다는 것을 확인할 수 있었다. 

모형 가스터빈의 연소실과 연료-공기 혼합부의 공진모드의 관계가 연소불

안정에 어떤 영향을 미치고 있는지에 대하여 실험적으로 확인한 연구에서는 

다체널 동압측정을 통하여 각각 위치에서 동압의 모드와 각 센서들간의 phase

를 분석하여 연소불안정의 원인을 규명하였다. 연소실의 길이 (800 ~ 1800 mm)

와 혼합부의 길이 (470, 550, 870 mm)를 음향학적 경계로 일치시켜 연소불안정 

특성을 확인해 보았을 때 두가지 서로 다른 연소불안정 모드를 확인할 수 있

었는데 저주파 연소불안정 특성은 화염의 열방출 섭동과 연소실의 공진모드에 

기인하며, 고주파 영역대의 연소불안정 현상은 혼합부의 길이를 변경하였을 

때 발생하는 또 다른 불안정 현상임을 실험적으로 확인할 수 있었다. 

친환경 연소기 설계에 있어서 이차분무 연구의 일환으로 분사각도에 따른 

산화제 분무특성에 대한 실험적 연구를 수행하였다. 여기서 액주영역의 궤적

과 분열지점까지의 거리는 연료분사 속도, 공기의 속도에 의한 연료/공기 모멘

텀 플럭스와 분사각도, 항력계수의 함수임을 확인하였다. 분사각도에 의한 액

주영역의 궤적 및 분열길이에 대한 실험식을 도출하였으며, 일반적인 공기유

동 방향과 일치하는 정방향 분사와 반대방향으로 분사되는 대향분사 액주궤적 

실험식과는 항력계수의 차이가 발생하는 것을 확인하였다.   
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마지막으로 첨부자료에서는 앞에서 소개된 연소불안정 현상에 영향을 미

치는 인자들을 고려하여 실제 서인천 복합화력 발전소에서 운용중인 발전용 

GE 7FA+e DLN-2.6 연소기에 적용하여 연소최적 튜닝에 대한 결과와 실시간으

로 최적제어가 가능하며, 튜닝 대상의 연료노즐과 상수를 제시하고 연소상태

를 모니터링 할 수 있는 프로그램을 개발한 내용을 소개하였다.  
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