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Abstract 13 

This study investigates the characteristics of oscillating lifted flames in laminar coflow-jets 14 

experimentally and numerically by varying both fuel density (by varying propane and n-butane mixtures) 15 

and coflow density (by diluting air with N2/He  mixtures). Two different lifted flame oscillation 16 

behaviors are observed depending on these parameters: oscillating tribrachial lifted flame (OTLF) and 17 

oscillating mode-change lifted flame (OMLF), where a rapid increase in flame radius is observed. The 18 

regimes of the two flames are identified from experiments, which shows that OMLF occurs only when 19 

the effect of the negative buoyancy on the flow field by the fuel heavier than air becomes significant at 20 

low fuel jet velocity. OMLFs are also identified to distinguish OTLF regime from flame extinction, which 21 

implies that an OMLF can be extinguished when the positive buoyancy becomes weak, losing its 22 

stabilizing effect, or when the negative buoyancy becomes strong, further enhancing its destabilizing 23 

effect. Transient numerical simulations of both OTLF and OMLF reveal that OMLF occurs by a strong 24 

toroidal vortex and a subsequent counterflow-like structure induced by relatively-strong negative 25 
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buoyancy. Such a drastic flow redirection significantly changes the fuel concentration gradient such that 1 

OMLF changes its mode from a tribrachial flame mode (decreasing edge speed with fuel concentration 2 

gradient) to the premixed flame-like transition mode when the fuel concentration gradient becomes very 3 

small (increasing edge speed with fuel concentration gradient). Again, a tribrachial flame mode is 4 

recovered during a rising period of flame edge and repeats an oscillation cycle. 5 

 6 

Keywords: Positive/negative buoyancy; Fuel concentration gradient; Oscillating lifted flame; Tribrachial 7 

lifted flame 8 
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1. Introduction 1 

Laminar lifted jet flames have been extensively investigated as a building-block configuration in 2 

understanding the stabilization mechanisms of turbulent lifted jet flames in many practical devices such 3 

as gas turbine combustors, diesel engines, and utility boiler burners [1-12]. A laminar lifted jet flame 4 

usually exhibits a tribrachial (or triple) flame structure consisting of lean and rich premixed flame wings 5 

and a trailing diffusion flame between them, all of which originate from the tribrachial edge [1-6]. Since 6 

the tribrachial flame edge propagates towards unburnt mixture along the stoichiometric mixture isoline, 7 

the lifted jet flame stabilizes where its edge propagation speed, 𝑆e, is balanced with local flow velocity, 8 

𝑈L [4-5]. 𝑆e is generally affected by mixture concentration gradient, mixture strength, flame curvature, 9 

and Lewis number, while 𝑈L by jet momentum, flow redirection, and buoyancy. If even one of such 10 

flame and flow characteristics is changed, the lifted flame moves to another stabilization point or could 11 

start to oscillate [5,7-12].  12 

Stationary lifted flames have been experimentally observed for various fuel jets including propane 13 

and n-butane. According to a stabilization theory developed for the lifted flame in an axisymmetric steady 14 

laminar free fuel jet [1-3], its liftoff height, 𝐻L, is determined by the diameter 𝑑, jet velocity 𝑈0, and 15 

Schmidt number ScF of fuel, which predicts the existence of a stationary lifted flame only for its Schmidt 16 

number, ScF > 1. However, Won et al. [13] observed stationary lifted flames of even CH4/N2 jets in 17 

coflow, of which ScF < 1, elucidating that buoyancy plays a critical role in the lifted flame behavior by 18 

modifying flow field. Furthermore, Won et al. [14] observed oscillating lifted flames of nitrogen-diluted 19 

propane jets in coflow, which was identified to be induced by buoyancy, based on microgravity 20 

experiments.  21 

Recently, Van et al. [15] found that such flame oscillation occurs primarily due to competition 22 

between the positive buoyancy induced by burnt gas and the negative buoyancy by fuel, especially heavier 23 

than coflow. The negative buoyancy decreases the upstream velocity by directing fuel stream heavier than 24 

coflow air toward upstream, and then initiates flame oscillation; on the contrary the positive buoyancy 25 
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increases flow velocity upstream of the flame by entraining coflow and consequently push the flame 1 

downstream. The competition between two counteracting buoyancies contributes to the complete cycle of 2 

the flame oscillation. 3 

In this study, we further investigate the mechanism of such oscillating lifted flames experimentally and 4 

numerically, focusing on the structural variation in two different oscillating flames: one retains the 5 

tribrachial flame behavior while oscillating, and the other keeps changing its characteristic flame mode. 6 

The regimes of the two oscillating flames are first delineated by examining the characteristic velocities 7 

induced by the positive and negative buoyancies and then, their different oscillating characteristics are 8 

numerically elucidated by examining the variation in 𝑆e  depending on the flame mode using the 9 

displacement speed of flame edge, 𝑆d. 10 

 11 

2. Experiment and numerical methods 12 

The experimental apparatus consists of a coflow burner, a flow control system, and measurement 13 

setups, as schematically shown in Fig. 1. A fuel jet, for which the mean velocity is 𝑈0, issues from a fuel 14 

nozzle with 10.7 mm inner diameter, 𝑑, and 850 mm length, 𝐿, to attain fully developed velocity profile. 15 

𝑈0 varies in a range of 3 ≤ 𝑈0 ≤ 12 cm/s to find oscillating lifted flames. The fuel is surrounded by 16 

coflow issuing through a cylinder (150 mm i.d. and 600 mm length). To ensure a uniform flow at the 17 

coflow exit, a layer of glass beads and a ceramic honeycomb are installed at the bottom of the coflow 18 

section and near the exit of the nozzle, respectively. An acrylic cylinder is placed on the coflow nozzle 19 

having four rectangular quartz windows for measuring lifted flames and preventing ambient air 20 

entrainment.  21 

 22 
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 1 

Fig. 1 Schematic of experimental setup. 2 

 3 

The fuel is propane or propane/n-butane mixture diluted with N2, for which the fuel mole fraction, 4 

𝑋F, varies from 0.12 to 0.17. The coflow is air diluted with N2/He mixture such that its density, 𝜌co, can 5 

be controlled by varying the mole fractions of N2 and He (𝑋N2
 and 𝑋He), while 𝑋N2

+ 𝑋He = 0.125 6 

(see Supplementary Material for experimental conditions). Commercially-pure grade gases (> 99.95%) 7 

are used for the experiments. To mix fuel and oxidizer with diluents, two mixing chambers are installed 8 

for the streams, of which flow rates are controlled by flow controllers with 99% accuracy. The lifted flames 9 

are measured using a digital camera (300 fps) attached to a two-axis translation stage. The flame edge 10 

location in the radial and vertical directions, (𝑅L, 𝐻L), of a lifted flame is defined as the brightest locus in 11 

a converted gray-scale image.  12 

For simulations of two different modes of oscillating flames, time-dependent, axisymmetric governing 13 

equations in the cylindrical coordinates (𝑟, 𝑥)  are solved using the laminarSMOKE code based on 14 

OpenFOAM [16-17]. For the fuel jet boundary condition, a fully-developed velocity profile of the 15 

Poiseuille flow is specified at 1.3 cm below the fuel nozzle exit while a uniform velocity profile is used 16 

for the oxidizer stream. For all the walls, no slip and non-permeable boundary conditions are used. For 17 

the fuel nozzle wall, isothermal boundary condition is employed. At the outlet, constant pressure condition 18 

is specified. A uniform grid resolution of 100 μm is used for the simulations. Since the flame thickness is 19 

found to be approximately 1.1 mm, such grid resolution is fine enough to capture the flame structure and 20 
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dynamics. Radiation is considered only for gas-phase with an optically-thin model [18]. A two-step global 1 

chemical mechanism of propane oxidation is adopted [19-20]. For the details of the numerical methods, 2 

readers are referred to the Supplementary Material (SM). 3 

 4 

3. Results and discussion 5 

3.1 Overall characteristics of oscillating flames 6 

Figure 2 shows sequential images of oscillating lifted flames of propane jet in helium-diluted coflow 7 

(see movies in SM). Two types of oscillating flames are exhibited. First, the oscillating flame retains its 8 

tribrachial structure, exhibiting a typical near-sinusoidal behavior of the liftoff height, 𝐻L. Second, the 9 

lifted flame keeps changing its flame structure, exhibiting a rapid increase in its radius near the bottom of 10 

oscillation of 𝐻L . The former is named as oscillating tribrachial lifted flame (OTLF) and the latter 11 

oscillating mode-change lifted flame (OMLF). Details will be discussed later. Note that their oscillation 12 

frequencies are 2.48 and 2.50 Hz, and their oscillation ranges of 𝐻L are 0.75 – 2.43 and 0.52 – 2.87 cm, 13 

respectively. 14 

 15 

 16 

Fig. 2 Direct images of (a) OTLF with 𝜌co = 1.155 kg/m3 and (b) OMLF with 𝜌co = 1.058 kg/m3 of 17 

propane jet in helium-diluted coflows with 𝑋f = 0.15 (𝜌f = 1.236 kg/m3), 𝑈0 = 4.5 cm/s, and 𝑉co = 18 

8 cm/s.  19 

 20 



8 

 

When the OTLF propagates upstream towards the nozzle (Fig. 2a), the flame consumes the fuel 1 

accumulated between the nozzle and flame and its radial size, 𝑅L , keeps increasing, which in turn 2 

maximizes the positive buoyancy and makes coflow entrainment large enough to push the flame edge 3 

downstream [15]. As it moves downstream, the fuel is accumulated and the flame size decreases, resulting 4 

in the decrease in the positive buoyancy effect and then starts to propagate upstream, completing an 5 

oscillation cycle. On the contrary, when the OMLF propagates upstream, its trailing diffusion flame 6 

gradually shrinks and its flame structure changes from a tribrachial (2b-I) to a premixed-like one (2b-II). 7 

Then, the flame edge rapidly propagates radially (2b-III) and finally recovers its tribrachial structure (2b-8 

IV), and propagating downstream (2b-V), completing an oscillation cycle. Details of the flame dynamics 9 

will be further discussed in Section 3.3 by analyzing numerical results. 10 

To elucidate the overall characteristics of OTLF and OMLF, we identify their regime diagram in the 11 

space of 𝜌co  and 𝑈0  for various 𝑋F  as shown in Fig. 3. Since the characteristics of OTLF were 12 

discussed in detail previously [15], here we focus on OMLF. Several points are noted.  13 

 14 

 15 

Fig. 3 Regime diagram of OTLF and OMLF of propane jet in helium-diluted coflow in the space of the 16 

coflow density, 𝜌co, and the fuel jet velocity, 𝑈0, at 𝑉co = 8 cm/s for (a) 𝑋F = 0.14, (b) 0.15, (c) 0.16 17 

and (d) 0.17. 18 



9 

 

First, for all 𝑋F, OMLF develops at relatively-low 𝜌co and 𝑈0 such that its regime lies at the lower-1 

left corner of the OTLF regime. This implies that OMLF occurs only when the effect of the negative 2 

buoyancy by fuel on the flow field becomes significant (small 𝜌co) at low 𝑈0. Second, OMLF regime 3 

becomes the largest at 𝑋F =  0.15 and nearly vanishes at 𝑋F =  0.17. When 𝑋F  is further increased 4 

/decreased (𝑋F ≥ 0.18 or 𝑋F ≤ 0.13), there exist no OMLFs (not shown here) because the corresponding 5 

flame strength is too high/low to induce OMLFs. As such, it is reasonable that OMLF regime is maximized 6 

at a certain 𝑋F = 0.15. Third, there exist three extinction mechanisms for both OTLFs and OMLFs: for 7 

instance, from 0 to 1, 3, or 4 as illustrated in Fig. 3b. OTLF is extinguished when the positive buoyancy 8 

is decreased (0→1) or the effect of the negative buoyancy becomes significant at low 𝑈0  where the 9 

buoyancy overwhelms the fuel jet momentum (0→3). OTLF can also be blown out by large 𝑈0 (0→4). 10 

However, OTLF can be stable when the positive buoyancy increases (0→2) as discussed in [15].  11 

 12 

3.2 Characterization of regime boundaries 13 

To further characterize OTLFs and OMLFs, the maximum and minimum 𝜌co points of OMLF regimes 14 

in Fig. 3 and those of OTLF regimes are plotted in Fig. 4 in terms of the positive buoyancy ~ (𝜌co −  𝜌b) 15 

and the negative buoyancy ~ (𝜌f −  𝜌co), where 𝜌f and 𝜌b are the densities of fuel stream and burnt 16 

gas, respectively. To extend 𝜌f  range, propane/n-butane mixtures (3:1 ratio) are also tested. For fair 17 

comparison, the mole fractions of propane/n-butane mixtures are adjusted such that their adiabatic flame 18 

temperatures are identical to those of propane jets (see SM). The result shows that the regime of oscillating 19 

flames is distinguished from flame extinction by a straight line in the space of density differences, which 20 

implies that the extinction of an oscillating flame occurs when its positive or negative buoyancy is further 21 

decreased as discussed above and in [15].  22 

 23 
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 1 

Fig. 4 Boundaries of OTLFs and OMLFs in terms of (𝜌co −  𝜌b) and (𝜌f −  𝜌co). 2 

 3 

Since both OTLF and OMLF boundaries are located on the same line, the characteristics of OMLFs 4 

cannot be differentiated from those of OTLFs. To delineate the two flames, we focus on velocities induced 5 

by the positive and negative buoyancies compared to 𝑈0 and the laminar burning velocity, 𝑆L
0, all of 6 

which influence flame oscillation characteristics. The present and previous experimental studies [15] show 7 

that as the negative buoyancy increases, a wider and stronger counterflow-like structure develops between 8 

the flame and nozzle, inducing a significantly-diverging flow redirection, which helps the oscillating flame 9 

to propagate upstream and radially outwards. On the contrary, as the positive buoyancy increases, coflow 10 

is more entrained into the flame, which pushes the oscillating flame downstream together with 𝑈0.  11 

Therefore, here we introduce two parameters to distinguish OMLFs from OTLFs. One is 𝑉+ 𝑈0⁄  , 12 

which represents the ratio of the characteristic velocity induced by the positive buoyancy, 13 

𝑉+ (= √(𝜌co − 𝜌b)𝑔𝑑 𝜌f⁄ ) , to 𝑈0 ; the other is 𝑉− 𝑆L
0⁄   which denotes the ratio of the characteristics 14 

velocity induced by the negative buoyancy, 𝑉− (= √(𝜌f − 𝜌co)𝑔𝑑 𝜌f⁄ ) , to 𝑆L
0 , where 𝑔  is the 15 

gravitational acceleration and 𝑑 the nozzle inner diameter. 𝑆L
0 is measured at the stoichiometric mixture 16 

fraction, 𝜉st, evaluated from the mixture compositions of the fuel and oxidizer streams [21]. Note that 17 

𝑉+ 𝑈0⁄   represents the square root of the relative strength of the positive buoyancy to the fuel jet 18 

momentum, both of which push the flame downstream, while 𝑉− 𝑆L
0⁄   denotes that of the negative 19 

buoyancy to flame propagation or flame strength, both of which direct the flame upstream.  20 
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 1 

 2 

Fig. 5 Oscillating mode-change lifted flames (OMLF) in terms of 𝑉+ 𝑈0⁄  and 𝑉− 𝑆L
0⁄ . 3 

 4 

Figure 5 shows OMLFs in terms of 𝑉+ 𝑈0⁄  and 𝑉− 𝑆L
0⁄ . It is readily observed that OMLF data are 5 

aligned in a narrow region around the straight line marked, demonstrating that the OMLF regime sticks 6 

to the OTLF regime, separating the OTLFs from flame extinction regime. An OMLF can be extinguished 7 

when 𝑉+ 𝑈0⁄  and/or 𝑉− 𝑆L
0⁄  decreases. This implies that an OMLF can be blown out when the positive 8 

buoyancy becomes relatively weak compared to 𝑈0 , and consequently loses its stabilizing effect. An 9 

OMLF can be also extinguished when the negative buoyancy becomes relatively strong compared to 𝑆L
0, 10 

and further destabilizes it. Note that OMLFs of the propane/n-butane jet lie at relatively-large 𝑉− 𝑆L
0⁄  11 

and relatively-small 𝑉+ 𝑈0⁄  because its 𝜌f is much larger than 𝜌co. 12 

 13 

3.3 Numerical results: flame dynamics 14 

To further elucidate the oscillation dynamics of OTLF and OMLF, we performed two-dimensional 15 

transient numerical simulations of both OTLF and OMLF of a nitrogen-diluted propane jet with 𝑋F = 16 

0.1 (𝜌f = 1.203 kg/m3) in coflows with different 𝜌co at 𝑈0 = 6 cm/s: for the OTLF and OMLF, 𝜌co are 17 

set to 1.125 and 1.041 kg/m3, respectively. Figure 6 shows the temporal evolutions of OTLF and OMLF 18 

using the isocontours of heat release rate, �̇�. The streamlines are also shown to identify the temporal 19 

evolutions of local flows while the isolines of CO2 mass fraction, 𝑌CO2
, of 0.10 and 𝜉st to identify their 20 
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flame edges. Note that 𝜉st are 0.283 and 0.298 for OTLF and OMLF, respectively, and 𝑌CO2
= 0.10 1 

isoline approximately encompasses the maximum �̇�, �̇�max. Several points are noted. 2 

 3 

 4 

Fig. 6 Temporal evolutions of (a) OTLF with 𝜌co = 1.125 kg/m3 and (b) OMLF with 𝜌co = 1.041 kg/m3 5 

of nitrogen-diluted propane jet with 𝑋F  = 0.1 (𝜌f  = 1.203 kg/m3). Color contours and arrow lines 6 

represent heat release rate, �̇�, and streamlines, respectively; solid and dashed lines represent the isolines 7 

of the stoichiometric mixture fraction, 𝜉st, and CO2 mass fraction, 𝑌CO2
, of 0.10.  8 

 9 

First, it is readily observed from Fig. 6 that the oscillation characteristics of OMLF are different from 10 

those of OTLF, which is primarily attributed to the development of a toroidal vortex (6b-I) and resulting 11 

counterflow-like structure (6b-II) ahead of OMLF propagating upstream. Since there exist only 𝜌co 12 

difference between the two oscillating flames, we can confirm that such flow structures are induced by a 13 

relatively-strong negative buoyancy (~(𝜌f −  𝜌co)) of the OMLF and consequently renders OMLF to 14 

move more radially outward than OTLF.  15 

Second, for the OTLF vigorous heat is released near the flamebase or the tribrachial point during the 16 

whole cycle. For the OMLF, however, vigorous heat is first released over a wide area from the tribrachial 17 

point to the rich-premixed flame wing (6b-I and II), and is then concentrated at the tribrachial point (6b-18 

IV and V). In addition, the trailing diffusion flame of OMLF is much weaker than that of OTLF especially 19 
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when the OMLF propagates upstream and radially outward (6b-II and III), similar to the present and 1 

previous experimental results [15].  2 

Third, for the OMLF �̇�max occurs in the rich-premixed flame wing when it propagates upstream by 3 

relatively-strong negative buoyancy, and hence, it becomes more like a premixed flame propagating in a 4 

stratified charge than a tribrachial flame (6b-II and III). After that, OMLF retains its tribrachial flame 5 

structure while moving downstream. 6 

Note that the flame oscillations are found to occur by hydrodynamic effect by flow variation rather 7 

than flame speed variation, the simulations with the global two-step chemical mechanism seem to be good 8 

enough to capture the characteristics of the two oscillating flames as shown Fig. 6. The computations 9 

using a detailed chemical mechanism is an on-going project. 10 

 11 

3.4 Numerical results: edge flame propagation speed 12 

To further identify the propagation characteristics of flames, we investigate their edge propagation 13 

speed, 𝑆e, by evaluating the displacement speed, 𝑆d. Since 𝑆d is the relative displacement speed of a 14 

species mass fraction isocontour, 𝑆e is obtained by calculating 𝑆d at the flamebase, which is defined as 15 

[5,22-24]: 16 

 𝑆e = 𝑆d =  
1

𝜌|∇𝑌𝑘|
(𝜔𝑘 −

𝜕

𝜕𝑥𝑗
(𝜌𝑌𝑘𝑉𝑗,𝑘)), (1) 17 

where 𝑌𝑘 is the mass fraction, 𝑉𝑗,𝑘 the diffusion velocity in the 𝑗-direction, 𝜔𝑘 the net production rate 18 

of species 𝑘. In the present study, CO2 is used for evaluating 𝑆e. For both OTLF and OMLF, 𝑆e is 19 

measured at the flamebase, which is defined as the intersection of the isolines of 𝑌CO2
= 0.10 and 𝜉st.  20 

Figure 7 shows the temporal evolutions of 𝑆e  and the local flow speed normal to the flamebase, 21 

𝑈N (=  𝒖 ∙ 𝒏) , for both oscillating flames, where 𝒖  and 𝒏  are the local flow velocity and the flame 22 

normal direction vector at the flamebase, respectively. In the figure, I ~ II for the OTLF and I ~ V for the 23 

OMLF correspond to the sequences of Fig. 6a and b. It is readily observed that for the OTLF, 𝑆e becomes 24 
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faster/slower than 𝑈N in Regime I/Regime II, and hence, it propagates upstream in Regime I while it is 1 

pushed back downstream by large 𝑈N in Regime II. For the OMLF, however, its dynamics becomes more 2 

complicated than that for the OTLF. Although overall 𝑆e and 𝑈N behave similarly to those of the OTLF, 3 

they exhibit larger amplitudes and mean values than those of the OTLF. In addition, 𝑆e has several local 4 

peaks during the oscillation. Note that the oscillation frequencies of OTMF and OTLF are 2.86 and 2.78 5 

Hz, and their oscillation ranges of 𝐻L are 1.05 – 2.47 and 0.59 – 2.73 cm, respectively, all of which are 6 

similar to those found in the experiments (see Fig. 2) regardless of their different fuel and oxidizer 7 

compositions. 8 

 9 

 10 

Fig. 7 Temporal evolutions of edge propagation speed, 𝑆e, and local flow speed normal to flame, 𝑈N, at 11 

the flamebase for (a) OTLF and (b) OMLF. I ~ II in (a) and I ~ V in (b) represents the time sequences of 12 

the OTLF and OMLF in Fig. 6. 13 

 14 

Since it is readily observed from Figs. 6 and 7 that 𝑆e changes over time together with the size of the 15 

leading edge of the lifted flames, we investigate the effect of the fuel concentration gradient on 𝑆e to 16 

further identify its characteristics for both oscillating flames. To facilitate understanding of the effect, a 17 
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schematic of 𝑆e of an edge flame with 𝑑𝑌F 𝑑𝑦⁄  in [3] is repeated in Fig. 8, where 𝑑𝑌F 𝑑𝑦⁄  represents 1 

the fuel concentration gradient, and 𝑌F and 𝑦 are the fuel mass fraction and the tangential direction to 2 

the edge flame propagation, respectively. In general, 𝑆e decreases with increasing 𝑑𝑌F 𝑑𝑦⁄  due to the 3 

decrease of reaction intensity while its flame structure changes from a tribrachial (B) to a bibrachial (C) 4 

to a monobrachial flame (D). However, as 𝑑𝑌F 𝑑𝑦⁄  decreases and ultimately vanishes, 𝑆e approaches 5 

the laminar burning velocity, 𝑆L
0, due to the occurrence of transition (A) from a tribrachial flame to a 6 

premixed flame. As a result, 𝑆e attains its maximum value between the transition and tribrachial edge 7 

flame regimes. For more details of the effect of 𝑑𝑌F 𝑑𝑦⁄  on 𝑆e, readers are referred to [3]. 8 

 9 

 10 

Fig. 8 Schematic of edge flame propagation speed with the fuel concentration gradient (A, transition; B, 11 

tribrachial; C, bibrachial; D, monobrachial and near extinction regimes) from [3]. 12 

 13 

Figure 9 shows the effect of 𝑑𝑌F 𝑑𝑦⁄  on 𝑆e of the OTLF and OMLF, from which we can identify 14 

their oscillating dynamics in detail together with Fig. 6. As the OTLF propagates upstream towards the 15 

nozzle, flow divergence becomes large due to the negative buoyancy, which subsequently enlarges its 16 

radial size and decreases 𝑑𝑌F 𝑑𝑦⁄ , leading to an increase of 𝑆e. As the OTLF further approaches the 17 

nozzle, both flame area and reaction intensity increases to entrain more coflow to the flame due to the 18 

positive buoyancy. Consequently, the OTLF starts to be pushed downstream by large 𝑈N induced by the 19 

entrainment. However, as the OTLF moves downstream, flow divergence becomes small, which 20 
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subsequently reduces its radial size and increases 𝑑𝑌F 𝑑𝑦⁄ , leading to a further decrease of 𝑆e. As the 1 

OTLF moves further downstream, 𝑈N  becomes small and 𝑑𝑌F 𝑑𝑦⁄   increases again, leading to an 2 

increase of 𝑆e. Then, the OTLF starts its oscillation again by propagating upstream. It is also identified 3 

from Figs. 6a and 9a that since the OTLF exhibits 𝑆e inversely proportional to 𝑑𝑌F 𝑑𝑦⁄  regardless of its 4 

propagation direction (upstream or downstream) and maintains the tribrachial flame structure during its 5 

oscillation, it lies at the tribrachial flame regime (B) in Fig. 8. 6 

 7 

 8 

Figure 9. Variations of edge propagation speed, 𝑆e, as a function of fuel mass fraction gradient tangential 9 

to the flamebase, 𝑑𝑌F 𝑑𝑦⁄ , for (a) OTLF and (b) OMLF. 𝑆e is normalized by corresponding laminar 10 

burning velocity at stoichiometry, 𝑆L
0. 11 

 12 

For the OMLF, its cycle can be classified into five different regimes (Regimes I ~ V) as shown in Figs. 13 

6b and 9b. As the OMLF first propagates upstream, 𝑆e  increases due to the decrease of 𝑑𝑌F 𝑑𝑦⁄  14 

(Regime I; the tribrachial flame regime (B) in Fig. 8), similar to the OTLF behavior. Meanwhile, a strong 15 

toroidal vortex is formed by relatively-large negative buoyancy, which subsequently induces a 16 

counterflow-like structure upstream of the flame (see Fig. 6b-II and III). This increases its leading edge 17 

size and decreases 𝑑𝑌F 𝑑𝑦⁄ , leading to a decrease of 𝑆e with decreasing 𝑑𝑌F 𝑑𝑦⁄  (Regimes II and III; 18 
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the premixed flame-like transition regime (A)). Such flow change consequently renders the OMLF to 1 

become a premixed flame in a stratified charge and to rapidly propagate radially outward. Meanwhile, the 2 

increase of flame area and reaction intensity by the radial flame propagation induces large coflow 3 

entrainment, which subsequently pushes the OMLF downstream, featuring a decrease of 𝑆e  with 4 

𝑑𝑌F 𝑑𝑦⁄  (Regime IV; the tribrachial flame regime (B)). As the flame propagates further downstream, 𝑆e 5 

is first increased significantly by an increase of the fuel concentration gradient normal to the flame edge 6 

propagation, 𝑑𝑌F 𝑑𝑛⁄  , rather than 𝑑𝑌F 𝑑𝑦⁄   due to positive buoyancy increase by breaking the 7 

counterflow-like structure and finally finishes its cycle by returning to its original starting point (Regime 8 

V). This causes the surge of 𝑆e during the early stage of Regime V.  9 

 10 

4. Conclusions 11 

The characteristics of the oscillating tribrachial lifted flame (OTLF) and the oscillating mode-change 12 

lifted flame (OMLF) in laminar coflow-jets were investigated by performing both experiments and 13 

numerical simulations. From a regime diagram of both flames, that OMLF was found to occur only when 14 

the effect of the negative buoyancy on the flow field becomes significant at low 𝑈0 such that the OMLF 15 

regime lies at the lower-left corner of the OTLF regime. It was also found that the OMLFs distinguish the 16 

OTLF regime from the flame extinction regime in the space of 𝑉+ 𝑈0⁄  and 𝑉− 𝑆L
0⁄ , implying that an 17 

OMLF can be extinguished when the positive buoyancy becomes weak compared to 𝑈0 , losing its 18 

stabilizing effect, or when the negative buoyancy becomes strong compared to 𝑆L
0, further enhancing its 19 

destabilizing effect. From the transient numerical simulations of both OTLF and OMLF, it was found that 20 

the OMLF occurs when a strong toroidal vortex and a subsequent counterflow-like structure develop 21 

upstream of the flame by its relatively-strong negative buoyancy. Such a drastic flow redirection 22 

manipulates the fuel concentration gradient, the curvature of premixed wings and the propagation 23 

characteristics, thereby changing the flame mode. Therefore, the OMLF changes its mode from the 24 
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tribrachial flame to the transition to again the tribrachial flame during an oscillation cycle. 1 
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