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Abstract 
In a triple-port burner, various non-premixed flames have been observed previously. Especially for the case 
with two lifted flames, such configuration could be suitable in studying interaction between two tribrachial 
flames. In the present study, the flame characteristics have been investigated numerically by adopting a 
reduced kinetic mechanism in the triple-port burner. Four different types of flame configurations, including 
two attached flames, inner lifted/outer attached flames, inner attached/outer lifted flames, and twin lifted 
flames, were successfully simulated depending on the flow conditions. The representative edge propagation 
speed of a single lifted flame or an upstream lifted flame in the case of twin lifted flames increased as the 
liftoff height became higher. In the twin lifted flames, the inner lifted flame was affected appreciably when the 
other flame was located further upstream such that the lifted flame located further downstream encountered 
the axial velocity acceleration induced by the gas expansion from the lifted flame located upstream, while 
thermal effects were not observed since the temperature of the incoming flow toward the lifted flame was not 
affected. A unique flip-flop behavior between the inner and outer flames, observed experimentally previously, 
was successfully captured in the simulation such that the inner lifted flame became attached to the nozzle as 
the liftoff height of the outer lifted flame grew higher with an increase in the outer air velocity.  
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1. Introduction 

Non-premixed flames in a mixing layer play interesting roles under various combustion conditions. An 

example is a lifted flame in a jet in which the fuel and the oxidizer are partially premixed. The flame edge 

typically has a tribrachial (or triple) flame structure, consisting of a lean and a rich premixed flame wings and a 

trailing diffusion flame [1-6]. This type of lifted flame is stabilized by the balance between the propagation 

speed of the edge flame and the local axial flow velocity. Many fundamental studies have been conducted to 

investigate the liftoff height behavior [7-12].  

Particle image velocimetry (PIV) techniques have revealed that the velocity along the streamline 

direction in a tribrachial edge flame gradually decreases toward the leading-edge of the lifted flame to a 

minimum value [13-15], which is reasonably close to the laminar burning velocity [1,3,8,16,17]. The 

streamline divergence toward the convex premixed flame wings reduces the local velocity in front of a 

tribrachial flame. As a result, the propagation speed of the edge flame can be larger than a laminar burning 

velocity, resembling the Landau’s hydrodynamic instability phenomenon [6,11,12,14].  

Typically, isolated lifted flames either in a uniform flow of a two-dimensional rectangular system or an 

axisymmetric configuration have been considered [1-6,11]. Recently, direct numerical simulations (DNS) of 

turbulent lifted flames [18-20] have demonstrated that the incoming flow balances with the local burning 

velocity of the lifted flame.  

In advanced direct-injection spark ignition (DISI) engines operated under stoichiometric conditions, 

mixtures are typically stratified. In such a situation, the flame propagation after ignition may be controlled by 

tribrachial edge flames. Because a large number of flamelets could exist under such turbulent conditions, the 

interaction between flames (flamelets) and flow is expected to be very complex [20-25]. Therefore, a relatively 

simple flow configuration is desirable to investigate the interaction among tribrachial flames with flow fields. 

Examples are two lifted edge flames in a slot burner with multiple inlets of fuel and air [26] or a triple port 

burner [27]. 
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A triple port burner has three concentric tubes. Air flows through both the central and outermost tubes 

and fuel flows through the annulus between the two air tubes. Since there are central and outer airflows next to 

the fuel flow, two (an inner and an outer) flames are formed [27]. Compared with a typical co-axial burner, the 

contact area between the fuel and air in a triple port burner is larger because of the introduction of the central air 

jet, which promotes mixing of the fuel and air and subsequently reactions [28]. Depending on the flow 

conditions, four different flame configurations have been observed previously in a triple port burner. These 

include attached flames, inner lifted/outer attached flames, inner attached/outer lifted flames, and twin lifted 

flames. One of the interesting finding was a flip-flop behavior between the inner and outer flames, which is 

shown in Fig. 1. These photos of flames were recorded at 15 fps by changing U3A from 1.0 to 1.1 m/s at U1A = 

0.6 m/s and U2F = 0.6 m/s, where U1A, U2F, and U3A are the average velocities of central air, fuel, and outer air, 

respectively. The result indicates that the inner lifted flame becomes re-attached, while the outer flame is lifted 

with the small change in the outer air velocity. The objective of the present study is to numerically simulate 

such behaviors observed previously in the triple port burner [27].  

2. Numerical analysis 

Figure 2 shows the computational domain and coordinate system. The numerical model, including the 

scheme and boundary conditions, was discussed in detail previously [27]. Time-dependent conservation equations of 

momentum, energy, and species were solved by the SIMPLE method [10] on an axisymmetric configuration with 

methane fuel. A finite difference procedure with staggered grids was adopted. The third-order upwind difference 

scheme was used for convective term. The time advance was made by using Euler’s fully implicit method [4, 

29-31]. The computational domain was 16.8 mm in the radial direction and �1 to 200 mm in the axial direction. 

Similar to the experimental conditions [27], the radii of the central air nozzle, the fuel nozzle and the outer air nozzle 

were 5, 7 and 13.5 mm, respectively. The thickness of each nozzle was 1 mm. The grid size was 0.1 mm, and a grid 

Fig.1 
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dependence was confirmed in preliminary tests. When the grid was coarse, the grid size dependence was observed. 

They were converged when the grid size was smaller than 0.1 mm. At the nozzle exits, parabolic velocity profiles 

were assigned. The temperature of the fuel and air was 297 K. A  methane-air skeletal kinetic mechanism was 

used for the consideration of computational time, consisting of 16 chemical species and 25 elementary 

reactions, which has been proposed during the workshop on “Reduced Kinetic Mechanisms and Asymptotic 

Approximations for Methane-Air Flames” held at the University of California at San Diego in 1989 [32]. The 

calculated stoichiometric laminar burning velocity was 0.43 m/s, which is in reasonable agreement with 

various experimental data reported. This skeletal mechanism has also been successfully used previously for 

relatively large scale non-premixed methane jet flames [33] and highly turbulent premixed flames [34].  

In the simulation, the average fuel velocity, U2F, was fixed at 0.6 m/s, and the central air velocity, U1A,

was 0.4 m/s (case A) or 0.7 m/s (case B), while the outer air velocity, U3A, was varied. The air outside the 

outermost tube was ambient air with a uniform velocity (0.01 m/s). At the outlet and the side boundaries, the 

convective boundary condition was set, where the gradient of a scalar such as temperature was zero. 

 

3. Results and discussion 

3.1. Flame transition in case A 

First, the flame transition from nozzle-attached to outer lifted flame (case A) is discussed. Distributions of 

the heat release rate at U3A = 0.2, 0.5, and 0.8 m/s are shown in Fig. 3. To show the flame structure clearly, 

these images are enlarged in the radial direction. As the outer air velocity (U3A) increases, a transition from 

two attached flames to inner attached/outer lifted flames is observed. Details of the tribrachial flame structure 

are described below.  

The liftoff height (Lf) and the maximum heat release rate (Qmax) of the outer flame are shown in Fig. 4. 

The heat release rate is at its maximum at the leading edge of the lifted flame because of the premixed flame 

Fig.2 
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wings of the tribrachial edge flame and the stoichiometry of the tribrachial point. Here, the liftoff height is 

defined based on the axial position of the maximum heat release rate. First, we compared the predicted liftoff 

height with experimental results. Since the liftoff height in experiments was slightly slanted and fluctuated, the 

time and space averaged value was used. For example, for the case of U1A = 0.4 m/s and U3A = 0.4 m/s, Lf of 

the outer flame was 3.2 mm, which was close to the value of the simulation of 3.9 mm.  

As seen in Fig. 4, both Lf and Qmax increase as U3A increases. For U3A = 0.2 m/s, the outer flame is 

attached with Lf � 1 mm corresponding to a quenching distance. As the outer lifted flame stabilizes further 

downstream, the leading-edge flame intensifies. The edge behavior of a tribrachial flame is strongly influenced 

by the fuel concentration gradient, which is related with the scalar dissipation rate. This point has been 

extensively discussed for a single lifted flame in a free jet, where it has demonstrated that the upstream fuel 

concentration gradient was linearly proportional to the curvature of tribrachial edge flame [35]. Consequently, 

the fuel concentration gradient affects the curvature of the premixed wing of the tribrachial edge [36-38], and 

thus the flow redirection effect [3]. As the liftoff height increases with U3A, the concentration gradient in front of 

the edge decreases such that the tribrachial edge flame strengthens with a higher heat release rate, since scalar 

dissipation rate decreases. 

To further illustrate this, the axial velocity along the axial direction vz at the radial position of the 

maximum heat release rate, which corresponds to the leading edge of the lifted flame shown in Fig. 5 with U3A

varying from 0.2 to 0.8 m/s. Except for the attached flame case of U3A = 0.2 m/s, the axial velocity gradually 

decreases toward the downstream as the jet spreads, reaches its minimum, and then increases sharply as the gas 

expands. It is confirmed that the cold gas upstream of the lifted flame is not preheated such that thermal effects 

are not observed because of the nature of premixed flame having typical preheat zone thickness of O(1 mm). 

The local dip in the axial velocity is due to the streamline divergence ahead of the lifted flame edge [14,15,19]. 

Here, the local minimum velocity in Fig. 5 can be defined as a representative edge propagation speed of the 

Fig.3 

Fig.4 
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leading edge lifted flame (Se). It is expected that the inflow velocity balances with the propagation speed of 

leading edge of the stationary lifted flame. Figure 6 shows the edge propagation speed, Se, plotted in relation to 

the liftoff height. Note that Se and the laminar burning velocity can differ because of the slantedness of a flame 

edge at the tribrachial point, as discussed in detail previously [39]. The result shows that Se of the outer lifted 

flame increases with U3A, exhibiting a reasonable correlation with the heat release rate shown in Fig. 4. An 

increase in the edge propagation speed at a higher liftoff height has been reported in the case of the single lifted 

flame in a uniform flow [2,3], which was explained by effects of flame curvature and the scalar dissipation rate 

[1,3,5].  

3.2. Flame transition in case B 

In case B, a somewhat different flame behavior is observed when U3A increases at fixed U1A (= 0.7 

m/s). As U3A increases, both the inner and outer stationary flames are lifted. The results of the liftoff heights 

with U3A are shown in Fig. 7. At U3A = 0 m/s, both flames are attached. At U3A = 0.2 m/s, the inner attached 

flame has a transition to a lifted flame, while the outer flame remains attached. The inner flame stabilizes 

further downstream when U3A increases. Around U3A = 0.4 m/s, the outer flame also has a transition to a lifted 

flame. Consequently, twin lifted flames are stabilized. Up to U3A � 1.0 m/s, the liftoff height of the inner flame 

is always larger than that of the outer flame. When U3A is slightly larger than 1.0 m/s, the liftoff heights of both 

flames become comparable. As U3A increases further, the inner flame has a second transition to become a 

nozzle-attached flame. This sudden change in the liftoff heights (the flip-flop behavior captured in Fig. 1) can 

also be observed in the simulation. Again, we compared liftoff heights in case B with experimental results. For 

example, for U3A = 0.5 m/s, Lf of the outer flame was 5 mm and that of the inner flame was 33 mm. On the 

other hand, for U3A = 1.0 m/s, Lf of the outer flame was 38 mm and that of the inner flame was 42 mm. Since 

these values were close to those of simulation results in Fig. 7, we could confirm the validation of the numerical 

Fig.5 

Fig.6 



6

simulation. In the following, this transition behavior will be further discussed. 

3.2.1. Transition to inner lifted/outer attached flames  

When U3A is increased, the inner flame lifts first. The position of the inner leading-edge flame is 

examined in Fig. 8. The radial and axial positions are plotted for every 0.1 m/s change in U3A. As the inner 

flame is lifted, its flame edge position initially migrates toward the axis. This is because the stoichiometric 

contour, where the edge flame is formed, is located on the air side given the stoichiometric fuel-to-oxidizer 

mass ratio. The flame edge movement is appreciable when U3A changes from 0.2 to 0.3 m/s, corresponding to 

the liftoff of the inner flame. In accordance with U1A > U3A, the axial velocity is larger around the center axis, 

inducing the flow toward the center axis. Once the inner flame edge moves inward, it advances into the region 

with large axial velocity, and, consequently, the liftoff height increases. In case A, on the other hand, the internal 

air flow velocity of 0.4 m/s is slightly smaller than the predicted laminar burning velocity of a stoichiometric 

methane-air mixture of 0.43 m/s as mentioned previously. In that case, even if the external air flow velocity 

increases, the inner flame is not lifted.  

3.2.2. Transition to twin lifted flames   

When U3A is greater than 0.4 m/s, the outer flame is also lifted. The value of U3A at which this transition 

is observed reasonably corresponds to the laminar burning velocity of the stoichiometric methane-air mixture. 

In other words, for U3A > 0.4 m/s, the incoming flow does not balance with the burning velocity, so that the 

outer flame is lifted to form twin lifted flames. As shown in Fig. 7, when U3A further increases, the liftoff height 

increases.  

The axial velocity profile is examined to evaluate the edge propagation speed of the inner and outer lifted 

flames. The results are shown in Fig. 9. These distributions are obtained at the radial position of the maximum 

heat release rate, corresponding to the leading edge of the inner or outer flame is formed. Similar to case A in 

Fig.8 

Fig.7 
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Fig. 5, the axial velocity becomes minimum near the edge position of lifted flame. The axial velocity of the 

outer flame in Fig. 9a decreases monotonically toward to the leading edge of the flame, and it increases sharply 

across the flame by expansion of the gas. For the inner flame in Fig. 9b, the axial velocity of the incoming flow 

first decreases along the axial direction, then increases toward the leading edge of the flame. This can be 

attributed to the fact that there is an outer flame located more upstream, which could affect the flow ahead of 

the inner flame. Again, a velocity dip and a sharp velocity increase crossing the flame can be observed.  

To elucidate further, the heat release rate and axial velocity profiles at U3A = 0.8 m/s are shown in Fig. 10,

in which the region close to the leading edges of both lifted flames is the focus. The tribrachial structure of the 

edge flame can be clearly identified, with a lean premixed flame (LPF) wing, a rich premixed flame (RPF) 

wing, and a trailing diffusion flame (DF), all extending from the tribrachial point (TP). The slope of the flame 

wing at TP is slanted toward the fuel region, which has been previously observed experimentally due to the 

velocity gradient in the upstream region and the stoichiometric oxidizer to fuel mass ratio [37]. 

The outer flame is located further upstream as compared with the inner flame. There exists an inward 

radial velocity component toward the inner flame (circled region in Fig. 9b). This is the reason why the axial 

velocity profiles of the inner flames in Fig. 9b are somewhat different from those of the outer flame shown in 

Figs. 5 and 9a. Due to this diverging flow across the outer premixed flame wing, the upstream of the inner 

flame region accelerates, leading to an increase in the liftoff height of the inner flame.  

The representative edge propagation speed of the lifted flame corresponding to the local minimum 

velocity in Fig. 9 is shown in Fig. 11, where the velocity of the inner or outer flame is characterized by the 

liftoff height. In the outer flame, as the liftoff height becomes higher, the edge propagation speed increases, 

resembling single lifted flame cases with uniform flow [3,5]. Because the outer flame is located further 

upstream, the influence of the inner flame is expected to be weak on the behavior of outer flame edge. In this 

regard, the minimum velocity range is close to that of case A, except that the liftoff height of case B is much 

higher with increased U3A.   

Fig.10 

Fig.9 
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While the edge propagation speed of the inner flame shows a somewhat different behavior. The velocity 

is near constant for U3A < 0.8 m/s, and it decreases at higher liftoff height. As seen in Fig. 7, the distance 

between the inner and outer flames becomes smaller at increased U3A. The variation in the minimum velocity 

for the inner flame could be caused by the interaction between the inner and outer flames. Also note that, when 

U3A is 1.0 m/s, the minimum velocity of the inner flame is reduced to a smaller value than that of the outer 

flame.   

3.2.3. Transient behavior from twin lifted flames to inner attached/outer lifted flames  

Thus far, stationary flames have been discussed. Considering the importance of unsteady tribrachial 

flames that could occur in direct-injection spark ignition engines during flame propagation, we also studied the 

unsteady behavior of a flame when U3A increases from 1.0 m/s to 1.1 m/s. In this case, as seen in Fig. 7, the 

liftoff heights of the inner and outer flames are reversed, resulting in the outer flame edge located further 

upstream. Since the inward flow component is generated by gas expansion near the edge of the outer lifted 

flame toward the inner flame, the outer flame pushes the inner flame away from the nozzle. Once the liftoff 

height of the inner flame is comparable to that of the outer flame, this effect is mitigated.  

Here, the edge propagation speed of the inner flame is estimated from the flame displacement speed 

relative to the local minimum flow velocity [6]. The resulting edge speed is plotted with the liftoff height in Fig.

12. As compared with Fig. 11, as the inner flame approaches the nozzle (decreasing liftoff height), the edge 

propagation speed becomes slower. This is consistent with the characteristics of the edge propagation speed 

observed previously in that the speed decreases with the upstream fuel concentration gradient [36,40]. Note that 

as the inner edge flame approaches the nozzle, the concentration gradient is decreased in the fuel/air mixing 

layer.  

Figure 13 shows the transient behavior of liftoff heights of these flames, where the time t = 0 

corresponds to the time when U3A changes from 1.0 to 1.1 m/s. For t < 100 ms, the liftoff height of the outer 

Fig.11 
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flame gradually increases, whereas that of the inner flame remains nearly unchanged. When the liftoff height of 

the outer flame becomes higher than that of the inner flame at around t = 130 ms, the inner flame edge starts to 

migrate slowly toward the nozzle. After t = 200 ms, the displacement speed of the inner flame edge accelerates 

and subsequently the edge flame reattaches to the nozzle rather rapidly.  

The decrease in the edge speed with decreasing liftoff height alone cannot explain the reattachment 

behavior of the inner lifted flame. For this, we examine the flow field. Figure 14 shows the profiles of the heat 

release rate distributions with velocity vectors at t = 40, 120, and 240 ms. The rim between the internal air and 

fuel nozzles is located at 5 mm < r < 6 mm, and that between the fuel and the external air nozzles is located at 7 

mm < r < 8 mm. Consequently, the flow speed is quite slow in the wake regions above these rims [39]. As 

shown in Fig. 10, when the liftoff height of the inner flame is higher than that of the outer flame, the inner 

flame is pushed toward the center axis by the flow induced by the outer flame, and it is thus located in the 

higher axial velocity region. However, once both liftoff heights are comparable, the above-mentioned effect is 

mitigated, and the inner flame moves outward and then enters the wake region having a low axial velocity. As a 

consequence, after t = 120 ms, the inner lifted flame starts to migrate toward the nozzle. Therefore, even though 

the edge speed is decreasing, the inner flame propagates upstream along the region with low axial flow 

velocity. This indicates that the balance between the incoming flow and the edge speed remains important for 

such propagating flame. Such behavior could be important in determining transient behaviors in turbulent 

flames with stratified concentration field, where the structure and flow near tribrachial edge flames with be 

fluctuating rapidly [42]. Thus, the above interaction between the inner and outer lifted tribachial flames could 

provide useful insight in modeling turbulent combustion with multiple flamelets.  

 

4. Conclusions 

The flame behavior and the flow field in the triple port burner were numerically examined. The 

Fig.13 

Fig.14 

Fig.12 



10

following conclusions were drawn.  

(1) Depending on the flow conditions, the inner flame and/or the outer flame is lifted. In the velocity profile of a 

single lifted flame or the lifted flame located upstream in the case of twin lifted flames, the axial velocity 

gradually decreases, approaches to its minimum, and then increases very rapidly, which is similar to the 

behavior of a single lifted flame in uniform flow field. The local minimum velocity was represented as edge 

propagation speed of the lifted flame. In the lifted flame located downstream, the axial velocity of the incoming 

flow first decreases and then increases toward the leading edge of the lifted flame. The temperature of the 

incoming flow toward the lifted flame is not influenced such that thermal effects were not observed. 

(2) The flame transition depends on U1A. In case A (U1A = 0.4 m/s), only the outer flame is lifted as U3A

increases. When the liftoff height is higher, the heat release rate of the lifted flame increases and the local 

minimum velocity is higher. The lifted flame stabilizes at the position where the edge propagation speed of the 

lifted flame and the incoming flow velocity are balanced.  

(3) In case B (U1A = 0.7 m/s), as U3A increases, both the inner and outer flames are lifted. The lifted flame 

located downstream faces the flow induced by the lifted flame located upstream. As a result, the liftoff height of 

the inner flame increases until U3A is 1.0 m/s even though the internal air flow velocity remains constant. Once 

the liftoff heights of the inner and outer flames are comparable, the effect of the outer flame on the flow field 

near inner flame is mitigated and the inner flame attaches to the nozzle.  

(4) Based on the transient behavior of twin lifted flames changing to inner attached/outer lifted flames, we 

calculated the edge propagation speed of the inner flame from the flame displacement speed relative to the local 

minimum flow velocity. As the inner flame approaches the nozzle with a lower liftoff height, the edge 

propagation speed decreases. The inner flame propagates upstream along the low incoming flow, and as a 

result, a unique flip-flop behavior between the inner and outer flames can be observed. Similar to a stationary 

flame, the balance between the edge propagation speed and the inflow velocity is important to transient flame 

behaviors. 
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Figure captions 

Fig. 1  Photos of the flip-flop behavior between inner and outer flames by changing U3A from 1.0 to 1.1 m/s at 

U1A = 0.6 m/s, U2F = 0.6 m/s, recorded at 15 fps.   

Fig. 2  Computational domain and coordinate system. 

Fig. 3  Distributions of the heat release rate in case A for U3A = 0.2 (a), 0.5 (b), and 0.8 m/s (c).  

Fig. 4  Liftoff height and heat release rate of the outer flame in case A. 

Fig. 5  Distributions of the axial velocity of the outer flame in case A. 

Fig. 6  Liftoff height and burning velocity of the outer flame in case A. 

Fig. 7  Variations in the liftoff height by changing U3A in case B. 
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Fig. 14  Distributions of the heat release rate with a velocity vector in case B are shown, by changing U3A from 1.0 to 1.1 
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(a)       (b)       (c)        (d) 

Fig. 1  Photos of the flip-flop behavior between inner and outer flames by changing U3A from 1.0 to 1.1 m/s at U1A = 0.6 
m/s, U2F = 0.6 m/s, recorded at 15 fps.  

3 cm     
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Fig. 2  Computational domain and coordinate system. 
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Fig. 3  Distributions of the heat release rate in case A for U3A = 0.2 (a), 0.5 (b), and 0.8 m/s (c).  
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Fig. 4  Liftoff height and heat release rate of the outer flame in case A. 
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Fig. 5  Distributions of the axial velocity of the outer flame in case A. 

0 5 10 15 200

0.5

1.0

1.5

z (mm)

v z
 (m

/s
)

U3A=0.2m/s

0.4m/s
0.5m/s 0.6m/s 0.7m/s

0.8m/s



20

Fig. 6  Liftoff height and burning velocity of the outer flame in case A. 
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Fig. 7  Variations in the liftoff height by changing U3A in case B. 
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Fig. 8  Position of the inner leading-edge lifted flame in case B. 
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Fig. 9  Distributions of the axial velocity in case B; (a) outer flame, (b) inner flame. 
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Fig. 10  Distributions of (a) heat release rate and (b) axial velocity at U3A = 0.8 m/s in case B. 
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Fig. 11  Liftoff height and edge propagation speed  
in case B; (a) outer flame, (b) inner flame. 
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Fig. 12  Liftoff height and edge propagation speed of the inner flame in case B. 
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Fig. 13  Time variations in the liftoff height of the inner and outer flames by changing U3A from 1.0 to 1.1 
m/s is shown. The flow conditions are U1A = 0.7 m/s, U2F = 0.6 m/s. 
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Fig. 14  Distributions of the heat release rate with a velocity vector in case B are shown, by changing U3A 
from 1.0 to 1.1 m/s at (a) t = 40 ms, (b) 120 ms, (c) 240 ms.  

Fig. 14 (enlarged) 

 


