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            Abstract
          
        

        
          The tip-opening phenomenon of Bunsen flame is considered a very important research topic in understanding the laminar flamelet model, as it is a local extinction phenomenon in which various variables act, such as preferential diffusion effect, flame stretch, flame curvature, molecular weight, and equivalence ratio. Several studies have suggested various interpretations to evaluate the criteria for tip opening, the most popular of which is the evaluation method using the Lewis number and Karlovitz number. The Lewis number represented as an imbalance between heat and mass diffusion is generally known to indicate tip opening at Le < 1 in a negative stretched flame. For the Karlovitz number, the ratio of the flow residence time and the characteristic reaction time is defined, and it is known that the tip opening occurs when the reactant is excessively introduced into the flame surface relative to the chemical reaction time. Therefore, in this paper, we suggest a new dimensionless number based on recognized theories to define the tip-opening phenomenon by adjusting the co-flow velocity of a Bunsen flame.
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      1. Introduction
      With the recent adoption of the International Maritime Organization’s (IMO) regulation for the reduction of greenhouse gas (GHG) emissions from ships, the international shipping industry has shifted its paradigm from ship fuel oils containing large amounts of sulfur to LNG or hydrogen energy, an environmentally friendly fuel. Consistent with this trend, studies are being actively conducted on the propulsion system of ships and gas turbines that can use eco-friendly fuel. In particular, gas turbines are expected to satisfy most of IMO’s acceptance criteria for GHG emission from ships, unlike diesel engines using heavy oil, but it is difficult to regard the gas turbines to be in a proper commercialization stage. The reasons are as follows: first, the supply and price system is not stable with several uncertainties. Second, it is difficult to rule out the risk of fire or explosion. Finally, as it is difficult to consider that domestic technology has reached maturity, for the next five years, we would have to rely completely on imports to meet market demand.

      At present, several factors hinder the technological development of domestic gas turbines, but the biggest obstacle is the technology to control combustion instability occurring in gas turbines [1]. Combustion instability is caused by vibration, noise, and combustion failure in the combustion system. In particular, fluctuations in flame temperature due to local combustion failure may lead to thermoacoustic instability, which can cause combustor damage and explosion [2]-[5]. Therefore, with the increasing interest in the gas turbine market, the demand for a combustion technology that can maximally suppress local flame extinction is also increasing.

      Combustion failure arises owing to various causes that can be classified into three major factors in terms of combustion engineering. First, combustion failure can be caused by stretch, where local flame extinction occurs if fuel supply and chemical reactions are not properly balanced in time [6][7]. Second, they can be caused by the imbalance of heat and mass diffusion [8]. Finally, local heat loss in the combustion system can also cause combustion failure [9].

      The aforementioned phenomenon of combustion failure can be understood with the flame tip-opening phenomenon generally occurring in Bunsen flames [6]-[8]. Because the Bunsen flame corresponds to negative stretch, the flame has a concave shape with reference to the reactants thereby the flame surface is compressed. Here, due to the imbalance of heat and mass diffusion, the center part of the concave flame causes thermal focusing or mass dissipation. If the Lewis number (Le), which is defined as the ratio of heat and mass diffusion coefficients, is greater than unity, thermal focusing occurs on the unburned gas side, and the flame propagation velocity is higher than the adiabatic flame velocity due to the increased reactant temperature. If Le is less than unity, mass dissipation occurs toward the concave flame surface and the flame temperature is lower than the adiabatic flame temperature due to the decay of the reactant inflow to flame surface. Here, as the flame curvature increases, the rate of decrease in the flame temperature gradually increases, and eventually, local flame extinction occurs. This is defined as the flame tip-opening phenomenon [6]-[8].

      Another dimensionless number as a criterion for evaluating flame tip-opening is the Karlovitz Number (Ka), which is defined as the ratio of characteristic flow time and characteristic reaction time. Therefore, when the reactants are not sufficiently supplied to the flame surface with regard to the characteristic reaction time, the flame is locally extinguished and the flame tip-opening phenomenon occurs due to the decreased chemical reaction rate.

      T. M. Vu et al. [10] noted that, although the flame tip-opening phenomenon is independent of the nozzle exit velocity, Ka, which is used as the evaluation indicator, is affected by the nozzle exit velocity. To address this problem, he newly defined the local Karlovitz number (hereinafter KaL) as follows, using the inverse relationship between the nozzle exit velocity and the flame radius of curvature.
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      where α is the heat diffusion coefficient, U¯ is the nozzle exit velocity, and R is the radius of curvature. If the newly defined KaL is used as the evaluation indicator for the flame tip-opening phenomenon, the U¯R value becomes constant regardless of the nozzle exit velocity. Accordingly, Tran succeeded in the observation of flame tip-opening under the condition KaL < 1.72 regardless of the gas composition, and proposed the value 1.72 as the threshold value for the occurrence of the flame tip-opening phenomenon [2]. Tran’s research identified the independent relationship between the nozzle exit velocity and the flame tip-opening phenomenon included in KaL, however did not derive the physical interpretation of the flame radius of curvature.

      Therefore, in this study, experiments to control Le and KaL were performed to investigate the flame tip-opening phenomenon. Le was changed through various gas compositions and KaL was controlled by changing the gas composition and co-flow velocity. In particular, increasing the co-flow velocity of the air composition in a rich premixed flame results in a relatively decreased preferential diffusion effect at the flame tip, because it has the effect of a partial supply of insufficient oxidizer. Therefore, the experiment was conducted with the prediction of the result of suppressing or reducing the flame tip-opening due to the additional supply of oxidizer in the rich premixed flame. In addition, even though the flame tip is closed, as the flame radius of curvature decreases by a strong stretch with the increase in the co-flow velocity, we aim to derive the physical interpretation of the flame radius of curvature in KaL.

    

    

  
    
      2. Experimental Setup
      Figure 1 shows a schematic diagram of the co-flow burner and experimental set up used in this experiment. The nozzle and coaxial internal diameters were 5 and 11 mm, respectively, and a flame was formed by injecting a premixed gas containing fuel, oxidizer, and diluent gas from the centrally located nozzle. The coaxial nozzle formed a fully developed flow to maximize preferential diffusion throughout the flame surface and the co-flow velocity was increased from 0 to 50 cm/s. The gas composition used in the experiment is shown in Table 1. Propane (C3H8) and methane (CH4) were used as fuel to produce the flame tip-opening phenomenon. For the diluent gas, nitrogen (N2) and carbon dioxide (CO2) were used to control Le. The equivalence ratio was varied between rich condition (rich, Φ = 1.6) and lean condition (lean, Φ = 0.7) in the experiment. The nozzle exit velocity (Uj), flame spread velocity (SL), and diluent molar ratios were varied by gas composition and all the flame lengths used in the experiment were set to 2.8 cm. The molar ratio was obtained using the following Equation (2).

      
        
        

        Figure 1: 
				
        

        
          Schematic diagram of the co-flow Bunsen burner
        
        

        

      

      
        Table 1: 
				
        

        
          Experimental Conditions
        
        

      

      
        
          
            	Fuel
            	Dilution
            	
              Φ
            
            	
              D
            
            	
              Le
            
            	Uj
[cm/s]
            	SL
[cm/s]
          

        
        
          	C3H8
          	N2
          	1.6
          	0.27
          	1.05
          	90
          	23.2
        

        
          	CO2
          	0.32
          	0.77
          	40
          	7.7
        

        
          	CH4
          	CO2
          	0.35
          	0.91
          	75
          	5.9
        

        
          	C3H8
          	N2
          	0.7
          	0.3
          	1.83
          	120
          	60.5
        

        
          	CO2
          	0.37
          	1.51
          	70
          	28.9
        

        
          	CH4
          	CO2
          	0.4
          	0.77
          	80
          	32.3
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      The equivalence ratio of lean/rich condition was not selected proportionally because the flame tip-opening phenomenon is generally observed under the condition of equivalence ratio of 1.5 or higher for hydrocarbon-based fuels [10], and for lean conditions, flame extinction occurs under the condition of equivalence ratio of 0.5 or lower.

      Therefore, the equivalence ratio was randomly selected for the open and closed conditions of the flame tip. Furthermore, in the case of CH4 flame, the dilution of nitrogen yielded the Le values of 0.95 and 1.05 in the lean and rich conditions, respectively, indicating no significant difference in Le according to the equivalence ratio. This case did not satisfy the experimental purpose, and it was excluded from the experiment.

      For the visualization of the flame tip-opening phenomenon, we obtained CH chemiluminescence (CH*) and OH chemiluminescence (OH*) images using an ICCD camera and applied the Mie-scattering method to acquire the flow field information inside the flame. TiO2 (2.5 μm) seeded particles were used for the Mie scattering method, and a diode laser (2.5W, 532 nm) in the visible range was used. Using the flow field visualization information obtained through the Mie-scattering method, the pathline was extracted with MATLAB code.

    

    

  
    
      3. Results and Discussion
      Figure 2 shows the rich and lean conditions as (a) and (b), respectively, with various visualization techniques for the C3H8-N2 premixed flame. Determination of flame tip-opening was defined as the time at which both the following criteria were satisfied:

      
        	(1) when the signals of CH* and OH* chemiluminescence shown in rows 1 and 2 of Figure 2 are clearly weak compared with the other flame surfaces at the flame tip; 


        	(2) based on the image extracted by the Mie-scattering method shown in row 4 of Figure 2, when the pathline of the seeded particles leaks more than 5% of the nozzle area in the axial direction from the flame tip.


      

      
        
        

        Figure 2: 
				
        

        
          Instant images of C3H8-N2 premixed flames with various visualization methods at (a) Φ = 1.6 and (b) Φ = 0.7
        
        

        

      

      Figure 2 (a) shows the flame image of the C3H8-N2 premixed flame under the rich condition (Φ = 1.6) according to the co-flow velocity change. As shown in the figure, the CH* and OH* signal measurements show that the tip remained open even in the basic flame condition with a co-flow velocity of 0 cm/s.

      Figure 2 (b) shows the results of experiments under the lean fuel condition (Φ = 0.7) for the C3H8-N2 premixed flame. Because the basic flame condition was Le = 1.83, the CH* and OH* images confirmed that the flame tip was closed. After increasing the co-flow velocity, because the insufficient chemical species was the fuel, preferential diffusion due to the oxidizer introduced from the outside was not observed.

      In other words, despite a sufficient supply of oxidizer, the flame length was constant and the flame curvature did not show any clear change. In addition, the intensities of the CH* and OH* signals at the flame tip were measured to be approximately the same.

      To clarify this point, the pathline of the seeded particles for the open and closed flame tips is shown in Figure 3 using MATLAB-code-based image processing. Figure 3 (a) is the pathline of the seeded particles when the flame tip is opened. As shown in the figure, when the co-flow velocity was 0 cm/s, a large amount of seeded particles leaked out from the flame tip in the axial direction. However, as the co-flow velocity increased, the opened flame tip was closed slowly and the amount of seeded particles axially leaking out from the tip was significantly reduced. It is believed that the flame curvature increased due to the increased preferential diffusion by supplying oxygen, which is the insufficient chemical species.

      
        
        

        Figure 3: 
				
        

        
          Pathline of seeded particles of C3H8-N2 premixed flames at (a) Φ = 1.6 and (b) Φ = 0.7
        
        

        

      

      Figure 3 (b) shows the pathline of the seeded particles when the flame tip is closed. The pathline shape of the basic flame was almost identical to the pathline shape when the co-flow velocity was increased. The seeded particles were discharged in a vertical direction from the surface in regions other than the flame tip.

      Figure 4 shows the experimental results of changing the diluent gas to CO2. Figure 4 (a) shows the flame images with various visualization techniques under the rich condition (Φ = 1.6) of the C3H8-CO2 premixed flame. In this case, as Le = 0.77, the basic flame with the co-flow velocity 0 cm/s corresponds to the case where the tip is opened, and the visualization experiment also showed the same result. After gradually increasing the co-flow velocity, the flame tip was observed to be gradually closed through the CH* and OH* images. As with the previous experimental results, the flame length was reduced by the preferential diffusion with the additional supply of oxidizer as the co-flow velocity increased.

      
        
        

        Figure 4: 
				
        

        
          Instant images of C3H8-CO2 premixed flames with various visualization methods at (a) Φ = 1.6 and (b) Φ = 0.7
        
        

        

      

      Figure 4 (b) shows the visualized experimental results for the lean flame (Φ = 0.7) with CO2 as the diluent gas. In this case, the closed flame was observed as expected because Le = 1.51 in the basic flame. As with the C3H8 lean premixed flames diluted with N2, no significant changes in flame length, CH* and OH* luminescence, and flame curvature were observed as the co-flow velocity increased. The present results also correspond to the lean condition, which is believed to indicate that preferential diffusion did not occur with the increase in the co-flow velocity.

      After obtaining the flame curvature with increasing co-flow velocity for C3H8 and CH4 premixed flames, the results are presented in Figure 5 along with the results of a previous study [10], as a function of KaL and the equivalence ratio.

      
        
        

        Figure 5: 
				
        

        
          Relation between the equivalence ratio and local Karlovitz number for all the experiment conditions
        
        

        

      

      The hollow symbol here indicates that the flame tip is open. First, the results of previous studies showed that the flame tip-opening phenomenon was observed at KaL < 0.04, which, as described in the Introduction section, well describes the physical phenomenon of the flame tip-opening, which does not depend on the nozzle exit velocity.

      In the results of this study, the nitrogen-diluted C3H8 premixed flame showed a tendency where the flame tip was closed slowly by increasing the co-flow velocity and reducing the flame curvature in the rich condition, but a fully closed tip was not observed. Nevertheless, when the maximally closed flame curvature (the hollow black square) was calculated and expressed as KaL, the value was less than 0.04. However, in the lean condition (full black square), the flame tip was observed to be still closed, even though a KaL of 0.04 or less was obtained due to the reduced flame curvature as the co-flow velocity increased. In addition, it was not possible to derive a constant threshold value independent of gas composition because in the range 0.035 < KaL < 0.045, the representations were mixed with CH4 premixed flames (hollow triangle) in the lean conditions where flame tip-opening was observed. Therefore, the new results of this study confirm that flame tip-opening is not observed below a certain value of KaL, as proposed in the previous study [10].

      To clarify this point further, another indicator for evaluating the flame tip-opening phenomenon, Le, in combination with KaL, is shown as a function of the equivalence ratio in Figure 6. The symbol notation method is the same as that used in Figure 5. As shown in the figure, flame tip-opening is clearly determined with reference to Le · KaL = 0.037. Therefore, it was confirmed through this experimental study that both KaL and Le should be reflected in the evaluation of the flame tip-opening phenomenon.

      
        
        

        Figure 6: 
				
        

        
          Characterization of onset of tip opening with various gas compositions
        
        

        

      

    

    

  
    
      4. Conclusion
      To evaluate KaL and Le as indicators to define the flame tip-opening phenomenon, an experimental study was performed to control the gas composition and co-flow velocity in a Bunsen burner. The following is a summary of the results obtained in this study.

      
        	1) The flame tip-opening phenomenon could be observed at Le < 1 due to imbalance between heat and mass diffusion.


        	2) When the flame tip was opened in the rich condition, owing to the increasing preferential diffusion caused by increasing the co-flow velocity, the flame tip closed slowly and the flame length decreased with the increase in the local flame speed, but we could not observe a completely closed flame tip.


        	3) When the flame tip was closed in the lean condition, the increase in the co-flow velocity resulted in negligible changes in the flame curvature, flame length, and flame intensity due to no preferential diffusion effect.


        	4) Through evaluating KaL based on the flame curvature obtained through various visualization techniques, the threshold value that can define the flame tip-opening phenomenon could not be derived. However, it was confirmed that the presence of flame tip-opening was clearly defined based on the result of combining Le with KaL. 
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