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a b s t r a c t 

Recent work has shown that the blue whirl, a soot-free hydrocarbon flame, is comprised of a triple flame 

in a swirling flow undergoing vortex breakdown. This paper describes three-dimensional, numerical sim- 

ulations of triple flames in swirling flows with and without vortex breakdown and relates this to what 

is known about the blue whirl. The results for three swirl numbers are presented, all of which develop a 

triple flame. The shape of the triple flame, however, differs depending on whether there is vortex break- 

down and its location. Changes in vorticity before and after ignition are examined for each case. The 

analysis shows that for the lowest swirl number, the effect of volume expansion dominates and mitigates 

vortex breakdown. Increasing swirl results in vortex stretching and tilting becoming dominant and pro- 

moting vortex breakdown. Which of these effects is dominant determines the flow structure and then the 

flow structure determines the different flame shapes. Insights gained from this work and their relation to 

the blue whirl are discussed. 

© 2022 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The blue whirl [1] ( Fig. 1 c) is a stable, quiet, spinning blue

ame that evolves naturally in experiments from a partially con- 

ned yellow fire whirl. The blue whirl has been shown to burn 

any different liquid hydrocarbon fuels (e.g., whiskey, heptane, 

rude oil) with no soot formation [1–3] . It also burns fuels contam- 

nated by water. The high combustion efficiency makes the blue 

hirl a potential source for clean power production with fuel flex- 

bility. Recently, the flame and flow structure of the blue whirl 

as theoretically and numerically analyzed in [4,5] . As shown in 

ig. 1 , the blue whirl is composed of a diffusion flame, which is 

he purple crown, a premixed lean flame surrounding the purple 

rown on the outside, and a premixed rich flame on the bottom 

nder the ring. These three flames meet at the blue ring to form a 

riple flame. Numerical simulations [4,5] also showed that the blue 

hirl emerges as a result of vortex breakdown in swirling flows. As 

hown in Fig. 1 b, there is a recirculation region, which is a bubble

ode of vortex breakdown inside the blue whirl. The blue whirl is 

 unique combination of flame and flow structure – a triple flame 

n a swirling flow with vortex breakdown, and there have been 

ew studies of this structure to date. Fundamental understanding of 
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riple flames in swirling flows, on one hand, is necessary to control 

he blue whirl and create it at will as a clean energy source. On the

ther hand, such studies also provide additional understanding of 

ombustion in swirling flows. 

This paper presents a computational study of triple flames 

n swirling flows. We performed and analyzed three-dimensional 

umerical simulations which start with a nonreacting, premixed, 

eptane and air mixture with a specified vortex profile. After the 

nitial vortex flow reached a steady state, the mixture was then 

gnited and a triple flame formed in the vortex flow. Simulations 

ith different swirl numbers showed different triple-flame shapes 

nd different flow fields (with or without vortex breakdown) at the 

nal steady state. The flame and flow structures of these simula- 

ions are presented and discussed and this is followed by a vor- 

icity analysis showing how the vortex structures are affected by 

riple flames leading to different flame shapes. We then discuss 

ow the insights gained from this work can be related to the blue 

hirl. 

. Background 

.1. Swirling flows and vortex breakdown 

Swirling flows occur natually in phenomena, such as tornadoes, 

ust devils, and fire whirls. They are also of practical importance 

n swirl combustion systems [6,7] and plasma dynamic systems 
stitute. This is an open access article under the CC BY-NC-ND license 
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Fig. 1. The flame structure of the blue whirl (taken from [4] ). (a) Volume rendering of the heat release rate from the numerical simulation described in [4] . (b) Schematic 

diagram that summarizes a final result of the blue whirl simulation. (c) Observed blue whirl. 
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8] . Without disturbances, swirling flow would normally have an 

xisymmetric vortex core. The stability of the swirling flow is af- 

ected by the ratio of the azimuthal to axial velocity intensities 

measured as the swirl level). When the swirl increases to a criti- 

al level, a stagnation point with a finite recirculation zone down- 

tream forms around the vortex axis. Vortex breakdown refers to 

his abrupt change in the vortex structure of the swirling flow. 

There are many types of vortex breakdown and they are cat- 

gorized based on their distinct flow structures. The three ma- 

or types are the bubble mode, spiral mode, and the double-helix 

ode [9,10] . Extensive experimental, numerical, and theoretical 

tudies have been performed on its onset, flow structures, forma- 

ion mechanisms, and controlling parameters. Reviews of vortex 

reakdown can be found in [11,12] . 

Vortex breakdown can be both detrimental and beneficial, de- 

ending on the application. In aeronautics, vortex breakdown in 

ortices over highly swept wings of an aircraft can reduce lift and 

ause dangerous vibrations [13] . For combustion applications, the 

ubble mode of vortex breakdown can be used to stabilize the 

ame and enhance fuel and air mixing. The following section in- 

ludes a more detailed background on applications of swirling 

ows and vortex breakdown in combustion systems. 

.2. Combustion in swirling flows 

Swirling flows are used in many combustion applications, ex- 

mples of which include gas turbine combustors and jet en- 

ines [14] . The key effect of swirl is to produce recirculation 

ones that improve flame stability and enhance fuel and air mix- 

ng, thereby reducing pollution and increasing combustion effi- 

iency [6] . Swirling flames can be sensitive to the operating con- 

itions, which include confinement of the burner [15–18] , mode 

f fuel entry (gaseous or droplet spray [19,20] , premixed or non- 

remixed) and swirl levels [21–24] . Many reviews are available on 

he dynamics of swirling flames [6,14,25] and swirl burners [26] . 

Although swirling flames have been studied extensively, they 

re different from the blue whirl in many aspects. A schematic of 

ypical flow and flame configurations in a swirl burner is shown in 

ig. 2 . Figure 2 a shows the flow field with several low-velocity re-

ions, which are vortex breakdown (VB), centerbody wake (CW), 

nd two shear layers (SL) originating from the inner and outer 

nnulus edges. Flames are stabilized in these low-velocity regions 

nd different flame shapes can form, illustrated in Fig. 2 b–e, de- 

ending on whether the flame is stabilized in the region preced- 

ng the vortex breakdown or in one or both of the shear layers. 

isually, the shape of the traditional swirling flames in Fig. 2 is 

ifferent from the blue whirl in Fig. 1 . The swirling flames usu- 

lly do not have a closed flame surface, but have ‘M’ or ‘V’ shapes

nstead. The blue whirl has a closed flame surface and has a hat 
2 
hape on the top and a cup shape on the bottom. The relative lo- 

ation of the bubble mode and the flame surface is also different 

or the swirling flames and the blue whirl. As shown in Fig. 2 , the

wirling flame is usually stabilized at the upstream-end of the bub- 

le mode or in the low velocity shear layers upstream of the bub- 

le. The blue whirl has flame surfaces both upstream and down- 

tream of the bubble, and in fact, the bubble is enclosed by the 

ame. Another difference is that swirling flames are usually turbu- 

ent whereas the blue whirl is laminar. Moreover, a fundamental 

ifference is that swirling flames are usually fuel-lean whereas the 

lue whirl has fuel-lean, fuel-rich and diffusion flames which meet 

s a triple flame. 

.3. Triple flame 

A triple flame (also known as a tribrachial flame) forms when 

he flame propagates through a nonuniform mixture with a mix- 

ure fraction gradient perpendicular to the direction of propaga- 

ion. As shown in Fig. 3 , a lean premixed flame forms on the fuel-

ean side, a rich premixed flame forms on the fuel-rich side, and 

he excess fuel and air pass through the flame and diffuse into 

ach other which then form a diffusion flame. The triple flame 

tructure was first reported by Phillips [28] studying flame prop- 

gation in mixing layers in coal mines. Later research on triple 

ames in two-dimensional (2D) mixing layers focused on the ef- 

ects of mixture fraction gradients, strain rate, and heat release 

n the flame shape and propagation speed [29–32] . In turbulent 

ombustion, there are local variations in the equivalence ratio of 

he mixture. Therefore, triple flames are allowed to form and play 

n important role in autoignition and turbulent flame propaga- 

ion [33,34] . Triple flames are also important in the stabilization of 

ifted diffusion flames. The role of triple flames in the stabilization 

echanism is reviewed in [35] . 

Triple flames in various flow configurations are summarized in 

35] . Triple flames in swirling flows, however, are not as commonly 

eported and studied in prior research. One example of a triple 

ame in a swirling flow was observed in direct numerical simula- 

ions by Domingo and Vervisch [36] , who focused on flame prop- 

gation in turbulent rotating flows. In this study, a triple flame 

tructure was observed, but the shape is different from the blue 

hirl. The flow configuration in [36] is also different from the blue 

hirl. In [36] , the flow is turbulent, whereas the flow in the blue 

hirl is laminar. Another example is in a liquid film combustor 

esigned by Pham et al. [37] . The configuration and flow struc- 

ure, however, are different from the blue whirl. The triple flame 

n [37] forms near the confining tubular chamber whereas the blue 

hirl is much smaller than its confining geometry(approximately 5 

o 10 times smaller in diameter [1] ). Moreover, there is no vortex 

reakdown in the triple flame in [37] which leads to a different 
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Fig. 2. Schematics of flow field and flame shapes in a swirl burner (adapted from [27] ). (a) Flow field. Swirl direction is indicated by the black arrow inside the annular 

swirling nozzle. Streamlines are shown by grey solid lines with arrows. Black dashed lines indicate vortex breakdown (VB) and centerbody wake (CW). Blue dashed lines 

indicate shear layers (SL). (b – e) Several possible flame configurations depending on whether the flame is stabilized in the region preceding the VB or in one or both of the 

SL. Red solid lines indicate flame surface. 

Fig. 3. Schematic diagram of a triple flame. 
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ame shape compared to the blue whirl. Therefore, a fundamen- 

al study of triple flames in swirling flows, especially with vortex 

reakdown, is needed to help find ways to control the blue whirl 

nd also add to the current knowledge of triple flames in different 

onfigurations. 

. Governing Equations 

The numerical model solves the time-dependent, three- 

imensional, compressible, reactive, Navier-Stokes (NS) equations: 

∂ρ

∂t 
= −∇ · ( ρV ) (1) 

∂ ( ρV ) 

∂t 
= −∇ · ( ρVV ) − ∇P − ∇ · ˆ τ + ρg (2) 

∂E 

∂t 
= −∇ · ( ( E + P ) V ) − ∇ ·

(
V · ˆ τ

)
− ∇ · ( K∇T ) + ρ( V · g ) + 

˙ q 

(3) 

∂ρY i 
∂t 

= −∇ · ( ρY i V ) + ∇ · ( ρD ∇Y i ) + ρ ˙ ω i (4) 

ˆ = ρν
(

2 

3 

( ∇ · V ) I − ( ∇V ) − ( ∇V ) 
† 
)

(5) 
3

here ρ is density, V is velocity, E is total energy, P is pressure, Y i 
s the mass fraction of species i , ˙ w i is the species conversion rate, 

 is the gravity vector, ˙ q is the heat release rate, K is the coeffi- 

ient of thermal conduction, D is the mass diffusivity, and ˆ τ is the 

iscous stress tensor. The coefficient ν is the kinematic viscosity, I 

s a unit matrix, and superscript † indicates the matrix transpose. 

he total energy is given by 

 = ρe + 

1 

2 

ρV , (6) 

here the specific internal energy e is computed as 

 = 

P 

ρ(γ − 1) 
. (7) 

he equation of state is given by 

 = ρ
R u 

M w 

T , (8) 

here R u is the universal gas constant and M w 

is the molecular 

eight. We assume that kinematic viscosity, diffusion, and heat 

onduction have the following temperature dependence, 

= ν0 
T n 

ρ

K 

ρC p 
= κ0 

T n 

ρ
(9) 

here ν0 and κ0 are constants, C p = γ R u /M w 

(γ − 1) is the specific 

eat at constant pressure, and n = 0 . 7 emulates a typical tempera-

ure dependence of these coefficients in reactive hydrocarbon sys- 

ems. 

. Numerical Methods 

In order to calculate this low-speed reactive flow efficiently, a 

ow-Mach-number algorithm, BIC-FCT (the barely implicit correc- 

ion to flux-corrected transport), is used to solve the hyperbolic 

uxes. The detailed procedure is described in [38,39] . The under- 

ying fluid solver is based on fourth-order flux-correxted transport 

FCT) [40,41] . In one time step, the solution is first predicted by 

xplicit FCT and then modified by a pressure correction to filter 

ut high frequencies of the sound-wave spectrum. This procedure 

emoves the computational restriction imposed by sound waves, 

hereby reducing the numerical expense of explicitly integrating 

he NS equations for low-Mach-number flows. A number of bench- 

ark tests for both nonreactive and reactive flows can be found in 

38,39,42] . 
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The effects of diffusion and chemical reactions with heat release 

or heptane and air mixtures are incorporated into the solver using 

he CDM (chemical diffusive model) [42–44] . The CDM is differ- 

nt from detailed chemial models, which include multiple species 

nd reaction pathways, in that the CDM reduces the computational 

ost of complex, 3D computations by minimizing the number of 

pecies and reactions that are required to compute bulk combus- 

ion properties. Examples of these properties include the flame 

peed, thickness, and temperature. The CDM used here considers 

hree species (fuel, air, and product) and regulates the conversion 

rom fuel and air to product using a mathematical expression, for 

xample, a polynomial or Arrhenius exponential. In this work, we 

se an Arrhenius function, 

˙  = AρY exp (−E a /R u T ) ˙ q = q ˙ ω (10) 

o regulate ˙ q in Eq. 3 and ˙ ω i in Eq. 4 . The parameters in this Ar-

henius function are the pre-exponential factor A , progress variable 

 , and activation energy E a . The heat release is q . The coefficients

 , E a , and q are calibrated so that the flame properties (flame tem-

erature, speed, and thickness) of heptane-air mixtures are repro- 

uced within a Navier-Stokes computation. The detailed calibra- 

ion procedure can be found in [39,42,43] , and the coefficients for 

eptane can be found in [39] . The CDM has been used to simu-

ate combustion flows ranging from high-speed denotations [44] , 

o low-speed premixed flames, diffusion flames, and triple flames 

4,39,42,45–47] . 

The diffusion fluxes are solved using second-order central dif- 

erencing for the spatial derivatives and second order runge-kutta 

or time integration. Details of how the diffusion terms are incor- 

orated in the integration procedure are described in [38] . These 

umerical methods were also used to simulate the blue whirl and 

ere succesful in capturing its flow and flame structures [4] . 

. Computational Setup and Initial Conditions 

There are two major steps taken in the simulations presented in 

his paper. In the first step, we simulate a vortex flow that is non-

eacting and has premixed fuel and air injected into the domain 

ithin the vortex core. The nonreacting flow is simulated until it 

evelops to a steady state. Then in the second step, we ignite the 

uel-air mixture and let a flame develop until the flow reaches a 

ew steady state. 

We specify the initial vortex flow using the Grabowski vortex 

rofile [4 8,4 9] . In this profile, the azimuthal, radial, and axial ve-

ocities are functions of the radial location r, 

 θ (0 � r � R ) = 

Sr 

R 

(
2 −

(
r 

R 

)2 
)

(11) 

 θ (R � r) = 

SR 

r 
(12) 

 r (r) = 0 (13) 

 z (0 � r � R ) = α + (1 − α) 
(

r 

R 

)2 
(

6 − 8 

r 

R 

+ 3 

(
r 

R 

)2 
)

(14) 

 z (R � r) = 1 . (15) 

ere, the Reynolds number is defined as Re = v z, ∞ 

R/ν , in which 

 is the radius of the vortex core, and the swirl number is S =
 θ (R ) / v z, ∞ 

. The parameter α = v z,c / v z, ∞ 

describes the axial veloc-

ty profile. When α > 1 . 0 , the axial velocity has a jet-like profile.

hen α < 1 . 0 , the axial velocity has a wake-like profile. For all
4 
ases in this paper, we use α = 1 . 0 , which corresponds to a uni-

orm axial velocity profile. 

The initial pressure is specified using the following equations: 

 (R � r) = ρS 2 
(

− R 

2 

2 r 2 

)
+ P ∞ 

(16) 

 (0 � r < R ) = ρS 2 
[

1 

6 

(
r 

R 

)6 

−
(

r 

R 

)4 

+ 2 

(
r 

R 

)2 

− 7 

6 

]
+ P (r = R ) 

(17) 

hich was derived based on the radial force balance in a vortex 

ow with the Grabowski velocity profile. 

For this vortex profile, the controlling parameters are Re, S, α, 

nd R . For all cases in this paper, only the swirl number S is varied

hile all the other parameters are held constant. An example of 

he initial azimuthal velocity and pressure profiles are shown in 

ig. 4 . 

The simulations are performed on a 0 . 1 m × 0 . 1 m × 0 . 1 m do-

ain as shown in Fig. 5 . We define the z-axis as the axial direc-

ion and specifiy the lower axial xy plane as an inflow and the 

pper axial xy plane as a non-reflecting outflow. The gravity g is 

pecified as 9 . 81 m / s 2 along the z-axis pointing downward. At the

nflow boundary, the Grabowski vortex profile is imposed as de- 

cribed above. Premixed heptane-air mixture is injected from the 

nflow boundary into the domain within a specified inlet radius. 

utside of inlet radius, the inflow is specified to be air with a tem- 

erature of 300 K and a pressure of 1 atm . The lateral boundaries

re set to be non-reflecting and the pressure is controlled using 

ernoullies’ equation: P = P ∞ 

− ρV 2 / 2 , where V is the magnitude

f the velocity. 

For all cases considered, the flow is initialized with a Grabowski 

rofile throughout the whole domain. An example of the initial az- 

muthal velocity field is shown in Fig. 5 . The initial flow in the 

omain is specified to be air with a temperature of 300 K and a

ressure of 1 atm . A Cartesian mesh is employed with four levels 

f refinement. The region of refinement is fixed during the calcu- 

ation. The number of cells on each level is indicated in Fig. 5 . 

There are three major cases presented in this paper, as shown 

n Table 1 with their corresponding inflow parameters. These ma- 

or cases are labeled case 1, case 2a, and case 3, which all have 

he same Re = 700 , α = 1 . 0 , fuel inlet diameter d f uel = 3 . 1 mm ,

nd equivalence ratio φ = 2 . They differ in swirl number, which 

ncreased from S = 0 . 6 , to S = 0 . 8 , to S = 1 . 1 . The increase in the

wirl number results in different flame shapes and flow structures. 

or case 2a, however, the resulting flow structure is not very pro- 

ounced and the flow features are not visually apparent. Therefore 

he fuel inlet diameter was increased in case 2b which resulted 

n a more pronounced flow structure with more visually apparent 

eatures. Details of cases 1, 2a, 2b and 3 are described in the fol- 

owing section. 

. Results 

.1. Case 1 - triple flame without vortex breakdown 

For case 1, the flow before and after ignition is shown in Fig. 6 .

igure 6 a shows the flow before ignition, but after it has devel- 

ped into a steady state from the initial Grabowski vortex profile. 

treamlines show the swirling motion of the flow and the vol- 

me rendering of the equivalence ratio shows the distribution of 

he heptane-air mixture before ignition. After reaching this steady 

tate, the mixture is ignited by adding heat to a small region at 

he center of the vortex, shown by the red box in Fig. 6 a. Differ-

nt ignition locations were simulated and we found that the loca- 

ion does not change the final state. After ignition, a flame devel- 

ps and the flow evolves into a new steady state, shown in Fig. 6 b.



X. Zhang, J.D. Chung and E.S. Oran Combustion and Flame 245 (2022) 112364 

Fig. 4. Grabowski vortex profile with Re = 700 , S = 0 . 8 , α = 1 and R = 0 . 4 cm : (a) Azimuthal velocity along the radial direction; (b) Pressure along the radial direction. The 

dashed line indicates the vortex core radius R . 

Fig. 5. Computational domain and mesh with superimposed initial velocity field. 

Table 1 

Conditions, parameters, and general observations 

Conditions and parameters Observations 

S Re α d f uel [mm] φ Before ignition After ignition 

case 1 0.6 700 1.0 3.1 2.0 No VB No VB, forms triple flame with premixed rich flame curving upwards. 

case 2a 0.8 700 1.0 3.1 2.0 No VB Two VB (one within the flame and one above the flame), forms triple 

flame with premixed rich flame curving downwards. 

case 2b 0.8 700 1.0 4.0 2.0 No VB Same as 2a, except for a larger region of VB within the flame. 

case 3 1.1 700 1.0 3.1 2.0 VB Two VB (one at the lower part and one at the upper part of the 

flame), forms triple flame with both premixed rich flame and 

diffusion flame curving downwards. 

∗ VB refers to vortex breakdown. 

5 
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Fig. 6. Case 1: Triple flame in a swirling flow without vortex breakdown. The initial condition of the flow is specified using a Grabowski vortex profile, with Re = 700 , 

S = 0 . 6 , α = 1 . 0 . (a) Before ignition. Streamlines are overlaid on top of a volume rendering of equivalence ratio. The φ = 2 heptane-air mixture is injected from the bottom 

within a specified diameter d f uel = 3 . 1 mm . The red rectangle indicates the region where the flow will be ignited. (b) After ignition. Streamlines are overlaid on top of a 

volume rendering of heat-release rate. 
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he flame is visualized by a volume rendering of heat release rate 

n Fig. 6 b. The flame structure can be delineated by three distinct 

ayers. The first layer is the radially outer-most flame, which has 

 wing-like flame surface. Moving towards the center axis, there 

re two flame surfaces that both curve upward, with one extend- 

ng further in the axial direction than the other. These three layers 

f flames meet at the bottom and form a bright ring which has 

he most heat release. The streamlines in Fig. 6 b show that the 

ame causes the flow downstream to diverge and that there is no 

eversed flow region, indicating that there is no vortex breakdown. 

Additional diagnostics of the flame structure are shown in 

ig. 7 . Figure 7 a shows a map of the flame index [50] , which in-

icates whether the flame is a premixed or diffusion flame. The 

ame index is calculated as 

 f = 

∇ Y Fuel · ∇ Y Ox 

∇Y Fuel | |∇Y Ox | , (18) 

here Y Fuel and Y Ox are mass fractions of fuel and oxidizer. Pre- 

ixed flames are indicated by heat release rate contours that over- 

ap with regions of I f > 0 , marked in Fig. 7 a by the circled a and

 markers. Similarly, diffusion flames are indicated by heat release 

ate contours that overlap with regions of I f < 0 , marked in Fig. 7 a

y the circled c marker. The contour of equivalence ratio of unity, 

hown by the white contour line in Fig. 7 a marked by “1”, demar-

ates the region of fuel-rich flow that is inside the contour and 

uel-lean flow outside of it. This, combined with the heat release 

ontour and flame index, shows that the flame marked by “a” is a 

ich premixed flame, the flame marked by “b” is a lean premixed 

ame, and the flame marked by “c” is a diffusion flame. All three 

ames meet together and form a triple flame. Figure 7 b shows a 

ap of the fuel mass fraction, which indicates that most of the 

uel is burned downstream of the flame ( 92 . 6% of the fuel is con-

umed as measured at the outlet). Figure 7 c is a temperature map 

hich shows that the peak temperature is around 2200 K in the 

iffusion flame. The flame structure in this case is similar to the 

ifted flame shown in Fig. 1d in [35] , except that the flame here is

n a vortex flow whereas the flame in Fig. 1d in [35] is in a non-

wirling jet flow. 
6 
The flow conditions of case 1 is shown in Fig. 8 . The tangential

elocity, shown in Fig. 8 a, maintains the Grabowski profile near the 

nflow, as specified by the inflow boundary condition. As the flow 

oves towards the flame and downstream of it, the flow main- 

ains a vortex structure but the peak tangential velocity decreases 

nd the vortex core grows wider. Figure 8 b shows a map of the 

adial velocity. In the region near the inflow, there is no radial ve- 

ocity due to the boundary condition. In the region near the flame, 

specially in the triple flame and just upstream of it, the flow ex- 

eriences radial acceleration and divergence due to the blockage 

aused by the flame. Figure 8 c shows a map of the axial veloc- 

ty. At the inflow, the axial velocity is uniform as specified by the 

oundary condition. As the flow moves from the inflow towards 

he flame, the axial velocity decreases until the flow reaches the 

riple flame. Then, as the flow passes through the triple flame and 

oves further downstream, the axial velocity increases. Finally, the 

ow moves downstream from the diffusion flame and the axial ve- 

ocity decreases again. Although there are two regions with decel- 

rating axial velocity, the decelerations are not sufficient to cause 

egative axial velocity, indicating that there is no vortex break- 

own in this flowfield. 

.2. Case 2 - triple flame with bubble modes of vortex breakdown 

Compared to case 1, case 2a has a higher swirl number of 

 = 0 . 8 (case 1 has S = 0 . 6 ). The flow before and after ignition is

hown in Fig. 9 . Figure 9 a shows the non-reacting vortex flow at 

he steady state developed from the initial Grabowski profile be- 

ore ignition. Figure 9 b shows the flow and flame at a new steady 

tate after ignition. Similar to case 1, there are also three layers 

f flames. The outer most flame has a wing-like flame surface. 

oving towards the center axis, instead of having two flames that 

urve upward as in case 1, the upper flame surface still curves up- 

ards while the lower flame surface curves downward in this case. 

his is due to vortex breakdown (shown by the streamlines), which 

roduces downward axial velocities around the lower flame sur- 

ace. The streamlines in Fig. 9 b diverge around the region of vor- 

ex breakdown and further diverge downstream of the flame. The 
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Fig. 7. Case 1: Combustion diagnostics on slices through the center of the computational domain. (a) Flame index. The line with marker “1” is the contour line of an 

equivalence ratio of unity. The equivalence ratio is larger than 1 inside the contour and smaller than 1 outside of the controur. (b) Fuel mass fraction. (c) Temperature. 

Contours of heat release rate are superimposed on top to indicate reaction regions. Slices are taken from a zoomed-in region. 

Fig. 8. Case 1: Flow diagnostics on slices through the center of the computational domain. (a) Tangential velocity. (b) Radial velocity. (c) Axial velocity. Contours of heat 

release rate are superimposed on top to indicate reaction regions. Slices are taken from a zoomed-in region. 
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Fig. 9. Case 2a: Triple flame in a swirling flow with bubble modes of vortex breakdown. Compared with case 1, all the parameters are kept the same, except for an 

increase in the swirl number. The initial condition of the flow is specified using a Grabowski vortex profile, with Re = 700 , S = 0 . 8 , α = 1 . 0 . (a) Before ignition. Streamlines 

are overlaid on top of a volume rendering of equivalence ratio. The φ = 2 heptane-air mixture is injected from the bottom within a specified diameter d f uel = 3 . 1 mm . The 

red rectangle indicates the region where the flow will be ignited. (b) After ignition. Streamlines are overlaid on top of a volume rendering of heat-release rate. 

Fig. 10. Case 2b: Triple flame in a swirling flow with bubble modes of vortex breakdown. Compared with case 2a, all the parameters are kept the same, except for an 

increase in the fuel inlet diameter. This results in a larger bubble mode inside the flame, which is more pronounced than in case 2a. The initial condition of the flow is 

specified using a Grabowski vortex profile, with Re = 700 , S = 0 . 8 , α = 1 . 0 . (a) Before ignition. Streamlines are overlaid on top of a volume rendering of equivalence ratio. 

The φ = 2 heptane-air mixture is injected from the bottom within a specified diameter d f uel = 4 mm . The red rectangle indicates the region where the flow will be ignited. 

(b) After ignition. Streamlines are overlaid on top of a volume rendering of heat-release rate. 
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econd divergence is due to a secondary vortex breakdown down- 

tream of the flame. Since the size of the vortex breakdown struc- 

ures is not as visually apparent as the flame, we calculated an- 

ther case with a wider fuel inlet ( d f uel = 4 mm ), which produced

ore visually apparent flow and flame structures. 

The flow and flame for this case with a wider fuel inlet, case 

b, is shown in Fig. 10 . Compared to case 2a, case 2b has a similar

ow and flame structure. The major differences are that the size 

f the flame in case 2b, shown in Fig. 10 b, is larger than the flame

f case 2a, shown in Fig. 9 b, and the lower flame along the center
8 
xis is larger and protrudes further downward relative to the ring. 

he streamlines in Fig. 10 b show that the the vortex breakdown 

nside the flame is also larger the vortex breakdown seen in case 

a in Fig. 9 b. The axial location of the secondary vortex breakdown 

ownstream is also shown by a twisted streamline near the center 

xis. Because case 2b has a more pronounced structure than that 

f case 2a, the detailed flame and flow diagnostics for case 2 with 

 = 0 . 8 are performed with case 2b. 

A detailed visualization of the flame structure is shown in 

ig. 11 . Figure 11 a shows a map of the flame index, overlaid with a
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Fig. 11. Case 2b: Combustion diagnostics on slices through the center of the computational domain. (a) Flame index. The line with marker “1” is the contour line of 

an equivalence ratio of unity. The equivalence ratio is larger than 1 inside the contour and smaller than 1 outside of the controur. (b) Fuel mass fraction. (c) Temperature. 

Contours of heat release rate are superimposed on top to indicate reaction regions. Dashed lines in (b) and (c) indicate the reversed flow regions. Slices are taken from a 

zoomed-in region. 
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ontour of heat release and a contour of the stochiometric equiv- 

lence ratio ( φ = 1 ). Following the same analysis as done for case

, the flame in region a is a rich premixed flame, in b is a lean

remixed flame, and in c is a diffusion flame. All of these three 

ames meet together and form a triple flame. Figure 11 b shows a 

ap of the fuel mass fraction, which indicates that most of the fuel 

s burned downstream of the flame ( 91 . 9% of the fuel is consumed

s measured at the outlet). Figure 11 c is a temperature map which 

hows that the peak temperature is around 2200 K in the diffusion 

ame, similar to that of case 1. This flame structure and shape is 

imilar to the blue whirl ( Fig. 1 ), and the peak temperature is also

imilar to the blue whirl in experimental measurements [51] and 

umerical simulations [4,5] . 

The detailed flow structure of case 2b in terms of maps of tan- 

ential, radial, and axial velocities are shown in Fig. 12 . The overall 

ow field is similar to that in case 1. As the flow propagates down- 

tream of the flame, Fig. 12 a shows the tangential velocity decreas- 

ng and the vortex core widening. The radial velocity, shown by 

ig. 12 b, is initially zero near the inflow due to the boundary con- 

ition. The flow diverges as it propagates toward the flame due to 

he blockage effect. The axial velocity, shown by Fig. 12 c, enters the 

omain with a uniform profile as specified by the boundary condi- 

ion. Similar to case 1, the axial velocity decreases as the flow ap- 

roaches the flame. What is different here, however, is that the ax- 

al velocity experiences stronger deceleration than in case 1, lead- 

ng to reverse flow and a bubble mode of vortex breakdown. This 

everse flow region pushes the rich premixed flame downward in 

ase 2b, whereas the rich premixed flame curves upward in case 1. 

ownstream of the diffusion flame, there is a secondary reversed 

ow region, which indicates a secondary bubble mode of vortex 

reakdown. This secondary vortex breakdown, however, does not 

ffect the flame. The flow structure in case 2b, especially for the 
e

9 
ubble mode within the flame ( Fig. 1 ), is similar to the blue whirl

4,5] . The difference between this case and the blue whirl is that 

n the blue whirl, there has been no observed secondary vortex 

reakdown downstream [4,5] . 

.3. Case3 - triple flame with larger bubble modes of vortex 

reakdown 

Compared with previous cases, the swirl number in case 3 is 

urther increased to S = 1 . 1 . The flow before and after ignition is

hown in Fig. 13 . Figure 13 a shows the nonreacting vortex flow 

t the steady state developed from the specified Grabowski pro- 

le before ignition. This larger swirl number results in a bubble 

ode of vortex breakdown in the non-reacting initial flow, which 

s different from earlier cases. 

The mixture is then ignited around the region of vortex break- 

own, shown by the dashed line in Fig. 13 a. Figure 13 b shows the

ow and flame at a new steady state after ignition. As in cases 

 and 2, there are three layers of flames, with the outer most 

ame having a wing-like flame surface and two flames along the 

enter axis. Unlike cases 1 and 2, both of these two flames now 

urve downward. This is due to the two vortex breakdown regions, 

hown by the streamlines in Fig. 13 b. The lower flame surface 

urves downward due to the upstream vortex breakdown. The up- 

er flame surface curves downward due to the downstream, larger 

ortex breakdown. Compared with case 2 in which there are also 

wo vortex breakdown regions, the downstream vortex breakdown 

n case 3 is further upstream and impinges on the flame, therefore 

ffecting the flame shape. 

The flame structure of case 3 is shown in Fig. 14 . Figure 14 a

hows a map of the flame index. Combine with the contour of the 

quivalence ratio of unity, the flame in region a is a rich premixed 
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Fig. 12. Case 2b: Flow diagnostics on slices through the center of the computational domain. (a) Tangential velocity. (b) Radial velocity. (c) Axial velocity. Contours of 

heat release rate are superimposed on top to indicate reaction regions. Dashed lines indicate the reversed flow regions. Slices are taken from a zoomed-in region. 

Fig. 13. Case 3: Triple flame in a swirling flow with larger bubble modes of vortex breakdown. Compared with case1 and 2a, all the parameters are kept the same, 

except for a further increase in the swirl number. The initial condition of the flow is specified using a Grabowski vortex profile, with Re = 700 , S = 1 . 1 , α = 1 . 0 . (a) Before 

ignition. Streamlines are overlaid on top of a volume rendering of equivalence ratio. The φ = 2 heptane-air mixture is injected from the bottom within a specified diameter 

d f uel = 3 . 1 mm . The red rectangle indicates the region where the flow will be ignited. (b) After ignition. Streamlines are overlaid on top of a volume rendering of heat-release 

rate. 
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ame, in b is a lean premixed flame, and in c is a diffusion flame.

ll of these three flames meet and form a triple flame. This is sim- 

lar to the previous cases. Figure 14 b shows a map of the fuel mass

raction, which indicates that most of the fuel is burned down- 

tream of the flame. Figure 14 c is a temperature map which shows 

hat, similar to the previous cases, the peak temperature is around 
10 
200 K in the diffusion flame. Unlike the previous cases, the region 

ith high temperature does not extend as far downstream due to 

he second vortex breakdown. The temperture around the second 

ortex breakdown is about 10 0 0 K . 

The flow structure of case 3 in terms of maps of tangential, 

adial, and axial velocities are shown in Fig. 15 . The overall flow 
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Fig. 14. Case 3: Combustion diagnostics on slices through the center of the computational domain. (a) Flame index. The line with marker “1” is the contour line of 

an equivalence ratio of unity. The equivalence ratio is larger than 1 inside the contour and smaller than 1 outside of the controur. (b) Fuel mass fraction. (c) Temperature. 

Contours of heat release rate are superimposed on top to indicate reaction regions. Dashed lines in (b) and (c) indicate the reversed flow regions. Slices are taken from a 

zoomed-in region. 

Fig. 15. Case 3: Flow diagnostics on slices through the center of the computational domain. (a) Tangential velocity. (b) Radial velocity. (c) Axial velocity. Contours of 

heat release rate are superimposed on top to indicate reaction regions. Dashed lines indicate the reversed flow regions. Slices are taken from a zoomed-in region. 
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eld is similar to the previous cases. The tangential velocity near 

he bottom inlet boundary follows the specified Grabowski profile. 

s the flow propagates downstream of the flame, around the two 

ortex breakdown regions, the tangential velocity shows a vortex 

tructure with a lower peak velocity and a wider vortex core. Fur- 

her downstream of the second vortex breakdown, however, the 

ortex structure recovers with an increase in the peak tangential 

elocity and decrease in the vortex core size. The radial velocity at 

he bottom inlet boundary is essentially zero, as specified by the 

rabowski profile. As the flow approaches the flame, radial veloc- 

ty increases due to the divergence caused by the blockage effect. 

he axial velocity is uniform near the inlet boundary. The axial ve- 

ocity decelerates as the flow approaches the flame and forms the 

rst reversed flow region (bubble mode of vortex breakdown). This 

egion of reversed flow curves the rich premixed flame downward. 

 larger reversed flow region forms downstream of the diffusion 

ame, indicating that there is a secondary bubble mode of vortex 

reakdown. This secondary vortex breakdown is different from that 

n case 2 because it impinges on the diffusion flame and therefore 

urves it downward. 

. Vorticity Analysis 

As shown above, after ignition, each case develops a triple 

ame. The shape of each flame, however, varies from case to case 

ue to the differences in flow structures after ignition. These dif- 

erences appear in the occurance and location of the bubble mode 

f vortex breakdown with respect to the burning. To better under- 

tand the origin of the different flame shapes, we investigate the 

haracterstics of the bubble mode after ignition in each case. 

The bubble mode of vortex breakdown refers to a recircula- 

ion zone along the vortex axis [52] . Vorticity that generates neg- 

tive axial velocity (opposes the axial flow) contributes to the oc- 

urrence and growth of the bubble mode, whereas vorticity that 

enerates positive axial velocity acts to the mitigation of the bub- 

le mode [53–55] . Thus, in order to understand why the different 

ases have different bubble mode characterstics, we analyze how 

orticity is affected by ignition in each case. 

We analyze the vorticity ω using the inviscid transport equa- 

ion, Eq. 19 , in a similar manner to the analysis performed in [53] .

s shown on the right side of Eq. 19 , the changes of vorticity are

aused by three mechanisms. The first term on the right represents 

tretching and tilting, the second term represents the volume ex- 

ansion or contraction due to heat addition or extraction, and the 

hird term represents baroclinic torque. 

∂ 

∂t 
( ω ) + (U · ∇) ω = ( ω · ∇) U − ω (∇ · U ) + 

1 

ρ2 
(∇ρ × ∇p) (19) 

If we calculate the differences in each of these terms before and 

fter ignition, we can then isolate which contributes the most to 

he generation of vorticity that produces either positive or nega- 

ive axial velocity, therefore the mitigation or enhancement of the 

ubble mode. Figures 16 , 17 , 18 show these results. As the bubble

ode is quasi-axisymmetric, we take a center y-z plane to analyze 

hanges in vorticity. On this plane, the properties of x-vorticity are 

resented since it is the only vorticity that contributes to changes 

n axial velocity (in the z-direction). The x-vorticity has a rotational 

xis that is perpendicular to the plane and is positive pointing out 

f the plane and negative pointing into the plane. 

Figure 16 shows the changes of x-vorticity for case 1 before 

nd after the flame develops. Figure 16 a shows the changes in 

-vorticity due to stretching and tilting. Figure 16 b shows the 

hanges in x-vorticity due to volume expansion. Figure 16 c shows 

he changes in x-vorticity due to baroclinic torque. The rotation di- 

ection of vorticity is indicated by the arrows. The vorticities in 

igs. 16 a and c generate negative axial velocity (downwards) near 
12 
he center axis, which promote vortex breakdown. Whereas the 

orticities in Fig. 16 b generate positive axial velocity (upwards) 

ear the center axis, which mitigate vortex breakdown. Between 

hese two competing effects, the dominant one dictates whether 

ortex beakdown develops or not. Thus, by considering the result 

hat there is no vortex breakdown in case 1, we see that the vortic- 

ties in Fig. 16 b caused by volume expansion dominate. Therefore, 

he vorticity changes due to volume expansion dominate in case 1 

nd cause the flame surface of the rich premixed flame to curve 

pwards. 

A similar analysis was performed for case 2b, and the changes 

f x-vorticity before and after the flame develops are shown in 

ig. 17 . The vorticities in Figs. 17 a and c generate negative axial

elocity (downwards) near the center axis, which promote vortex 

reakdown. Whereas the vorticity in Fig. 17 b generates positive ax- 

al velocity (upwards) near the center axis, which mitigates vor- 

ex breakdown. By considering the result that there is a bubble 

ode of vortex breakdown within the lower part of the flame (in- 

icated by dashed lines in Fig. 17 ), the vortex stretching and tilt- 

ng ( Fig. 17 a) and the baroclinic torque ( Fig. 17 c) overpower the

olume expansion ( Fig. 17 b) and result in the formation of vor- 

ex breakdown. Moreover, comparing the effects in Fig. 17 a and 

ig. 17 c, we see that the magnitude of vorticity change in Fig. 17 a

s larger than that in Fig. 17 c. Therefore, for case 2b, the vor- 

ex stretching and tilting in Fig. 17 a dominates and contributes 

o the formation of bubble mode of vortex breakdown, which in 

urn causes the flame surface of the rich premixed flame to curve 

ownwards. 

Figure 18 shows the changes of x-vorticity for case 3 before and 

fter the flame develops. The vorticities in Figs. 18 a and c generate 

egative axial velocity (downwards) near the center axis, thus pro- 

oting vortex breakdown. In contrast, the vorticity in Fig. 18 b gen- 

rates positive axial velocity (upwards) near the center axis, thus 

itigating vortex breakdown. At the steady state after ignition, we 

ee that there are two bubble modes near the flame region (in- 

icated by dashed lines in Fig. 18 ). For the bubble mode at the 

ower part of the flame, there are two competing effects contribut- 

ng to vorticity, as shown in Figs. 18 a,c and Fig. 18 b. The vortic-

ties in Figs. 18 a,c overpower the vorticities in Fig. 18 b, and this

esults in the formation of the lower vortex breakdown. Moreover, 

he magnitude of vorticity changes in Fig. 18 a is larger than that 

n Fig. 18 c. Therefore, the effect in Fig. 18 a, vortex stretching and

ilting, is the dominant effect that contributes to the formation of 

he lower vortex breakdown, which causes the flame surface of the 

ich premixed flame to curve downwards. For the bubble mode at 

he upper part of the flame, vortex stretching and tilting, shown in 

ig. 18 a, is the only effect on vorticity. Therefore, vortex stretching 

nd tilting is the dominant effect that contributes to the formation 

f the upper vortex breakdown, causing the flame surface of the 

iffusion flame to curve downwards. 

. Discussion 

The vorticity analysis shows that there are two competing ef- 

ects on vorticity generation due to ignition. One of these effects 

enerates the vorticity that produces negative axial velocity near 

he center axis. This effect promotes the formation of bubble mode 

f vortex breakdown. The other effect generates vorticity that pro- 

uces positive axial velocity near the center axis. This effect mit- 

gates the formation of bubble mode. Whether vortex breakdown 

evelops or not at the steady state after ignition depends on which 

ffect dominates. 

For the three cases presented in this study, volume expansion 

ominates and mitigates the formation of the bubble mode in 

he case with the smallest swirl number (case 1). For the cases 

ith larger swirl numbers (case 2b and case 3), vortex stretching 
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Fig. 16. Case 1: Influence of ignition to x-vorticity on a center y-z plane. (a) Changes in x-vorticity due to vortex stretching and tilting. (b) Changes in x-vorticity due to 

volume expansion. (c) Changes in x-vorticity due to baroclinic torque. Contours of heat release rate are superimposed on top to indicate reaction regions. 

Fig. 17. Case 2b: Influence of ignition to x-vorticity on a center y-z plane. (a) Changes in x-vorticity due to vortex stretching and tilting. (b) Changes in x-vorticity due 

to volume expansion. (c) Changes in x-vorticity due to baroclinic torque. Contours of heat release rate are superimposed on top to indicate reaction regions. Dashed lines 

indicate the reversed flow regions. 
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Fig. 18. Case 3: Influence of ignition to x-vorticity on a center y-z plane. (a) Changes in x-vorticity due to vortex stretching and tilting. (b) Changes in x-vorticity due 

to volume expansion. (c) Changes in x-vorticity due to baroclinic torque. Contours of heat release rate are superimposed on top to indicate reaction regions. Dashed lines 

indicate the reversed flow regions. 
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nd tilting dominates and promotes the formation of the bubble 

ode. In case 2b, this effect and baroclinic torque generate a vor- 

ex breakdown within the lower part of the flame and a small, sec- 

ndary vortex breakdown above the flame. For the case with the 

argest swirl number (case 3), the effect of both vortex stretching 

nd tilting and baroclinic torque are stronger and not only gener- 

te a vortex breakdown within the lower part of the flame, but 

lso generate a large, secondary vortex breakdown that impinges 

n the upper part of the flame. This trend is consistent with the 

rend of vortex breakdown in nonreacting flows, that is, a larger 

wirl number is more conducive to form vortex breakdown and the 

ubble mode is more pronounced [48] . 

This study was motivated by the blue whirl, but the result is 

ot limited to understanding the blue whirl. Instead, it is more 

eneral in that it contributes to understanding triple flames in 

wirling flows. The blue whirl was discovered unintentionally in 

 laboratory [1] and its flame and flow properties remained a mys- 

ery until recent studies revealed a specific combination of flow 

roperties – a triple flame in a swirling flow with vortex break- 

own. The three triple flames in swirling flows in this study, one 

ith flow and flame structures similar to the blue whirl and two 

ther cases that have different flame shapes, broaden understand- 

ng and lead us to believe that the blue whirl might be only one 

onfiguration among many different configurations of triple flames 

n swirling flows. In this study, we focused on the effect of swirl 

umber on triple flames in swirling flows. Other parameters con- 

rolling vortex breakdown, such as Reynolds number and the jet- 

ike or wake-like axial velocity profile, and combustion parameters, 

uch as fuel inlet diameter and whether the mixture is premixed 

r non-premixed, should be investigated in future studies to fur- 

her explain this unique combustion phenomenon. 

This study has also given us insight into the blue whirl. One 

emaining question about the blue whirl is whether we can cre- 

te it in a more controlled way so its beneficial burning proper- 

ies can be put to use. We have seen that the blue whirl evolves
14 
pontaneously from a fire whirl and self-regulates the inflow con- 

itions during the transition process [1] . Creating the blue whirl 

n this way, however, is difficult because it is difficult to produce 

he exact conditions on demand. The flame at steady state in case 

b has similar flow and flame structures to the blue whirl. This 

ndicates that it is possible to create a blue-whirl-like flame in a 

ore controlled way by igniting a controlled nonreacting flow. This 

tudy gives one set of parameters that produces a blue-whirl struc- 

ure. Future studies of different parameters should provide a wider 

ange of potentially useful conditions. 

Another intriguing question about the blue whirl is that 

hether it can be increased in size. The major difficulty in answer- 

ng this question is that the formation conditions in which the blue 

hirl forms in terms of the controlling parameters are not fully 

nown. It is difficult and expensive in both experiments and sim- 

lations to explore an unknown, large-scale parameter space. By 

tarting from the set of parameters in this study as a first step, a 

ore complete parametric study of triple flames in swirling flows 

ould provide a more complete map of parameters controlling the 

lue whirl. 

Another question about the blue whirl is whether we can by- 

ass the large, dangerous fire-whirl stage and create the blue whirl 

irectly. This study shows that we can create a flame with similar 

ow and flame structures to the blue whirl using premixed fuel-air 

ixtures with controlled flow at the base, passing the fire-whirl 

tage. For all the cases in this study, the flames develop without 

oing through a fire-whirl stage. An example of the flame develop- 

ent is shown in Fig. 19 . There is a difference, however, between 

his study and the blue whirl in [1,4] . The fuel and air are pre-

ixed in this study whereas in [1,4] , the fuel and air are initially

eparated. The configuration and computational setup in this study 

ould, however, be used as a starting point to address the question 

f whether we can create a blue whirl in [1,4] with nonpremixed 

uel without going through a fire whirl by replacing the premixed 

nflow with a nonpremixed fuel. 
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Fig. 19. Flame development for case 1 from (a) ignition to (f) steady state. Streaklines indicated by white, grey, and black particles are superimposed to show the flow 

structure. 
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. Summary 

This paper has presented a numerical study of triple flames in 

wirling flows. For this study, we solved the 3D, unsteady, com- 

ressible, reactive, NS equations. The simulations began with a 

pecified vortex profile and with a premixed, heptane-air mixture 

njected at the center of vortex. After the initial vortex flow de- 

eloped into a steady state, the mixture was ignited and a triple 

ame formed in the vortex flow. 

There were three cases presented in this paper, each with a dif- 

erent swirl number. For the case with the smallest swirl number 

 S = 0 . 6 ), there was no vortex breakdown at the steady state before

gnition. After ignition, a triple flame formed and the flow deceler- 

ted due to blockage from the flame. In this case, however, there 

as no vortex breakdown. The surfaces of the diffusion flame and 

he rich premixed flame both curved upwards due to the positive 

upwards) axial velocity. 

For the case with a larger swirl number ( S = 0 . 8 ), there was

lso no vortex breakdown at the steady state before ignition. Af- 
15 
er ignition, a triple flame formed and two bubble modes of vor- 

ex breakdown developed, one above the flame and one within the 

ower part of the flame. The surface of the diffusion flame was 

ot affected by these two bubbles and curved upwards, similar to 

hat in the previous case. The surface of the rich premixed flame, 

owever, curved downwards due to the reversed (downwards) ax- 

al flow in the lower bubble. The structure of the flow and flame 

n this case was similar to that of the blue whirl. 

The case with the largest swirl number ( S = 1 . 1 ) developed a

ubble mode of vortex breakdown at the steady state before igni- 

ion. After ignition, a triple flame formed and two bubble modes 

f vortex breakdown developed, one which impinged on the upper 

art of the flame and one which was within the lower part of the 

ame. The reversed axial flow in the upper bubble caused the sur- 

ace of the diffusion flame to curve downwards. The reversed axial 

ow in the lower bubble caused the surface of the rich premixed 

ame to curve downwards. 

Changes in vorticity before and after ignition in each case were 

nalyzed to investigate why the occurrence and location of the 
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ubble mode is different in each case, thereby causing different 

ame shapes. There are three mechanisms that affect vorticity. 

hey are vortex stretching and tilting, volume expansion, and baro- 

linic torque. For the case with the smallest swirl number ( S = 0 . 6 ),

olume expansion dominated among the three effects. The vol- 

me expansion effect generated vorticity that produced positive 

xial velocity near the axis and mitigated vortex breakdown. For 

he cases with larger swirl numbers ( S = 0 . 8 and S = 1 , 1 ), vortex

tretching and tilting dominated and generated vorticity that pro- 

uced negative axial velocity near the vortex axis, thereby promot- 

ng vortex breakdown. 

This study focused on understanding the effect of swirl number 

n triple flames in swirling flows. Future studies should investi- 

ate other parameters, such as Reynolds number, fuel inlet diame- 

er and whether the mixture is premixed or non-premixed. 

This study also provided insight into the blue whirl. The results 

hown here suggest that the blue whirl might be one configuration 

mong many different configurations of triple flames in swirling 

ows. Furthermore, the results also suggest that the blue whirl 

ould be created in a more controlled way by igniting a controlled 

onreacting vortex flow. The numerical configuration in this study 

ould be used for a more complete parametric study on the blue 

hirl. Such a study could help answer whether we can increase 

he size of the blue whirl. This study also shows that we can pro-

uce a blue-whirl-like flame using a premixed fuel-air mixture and 

ypass the fire-whirl stage. 
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