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Abstract

Blue whirls are newly discovered blue rotating flames transitioned from fire whirls generated on liquid fuel
surfaces. Compared with the traditional fire whirls, blue whirls have a distinct flame structure and are almost
soot-free. Studies of the blue whirl are expected to promote the development of clean combustion theory and
technology. In this paper, we numerically and theoretically investigate the lifting process of fire whirls and
blue whirls, and then discuss their structure and transition mechanisms. In contrast to the explanations in the
literature, it is found that blue whirls can be created without the occurrence of bubble-type vortex breakdown
in the rotating flow. The blue whirl can be considered as a special form of lifted fire whirl with a considerable
liftoff distance and without being blown out. According to the simulation, both blue whirls and fire whirls
have the typical triple-flame structure. The unique structure of blue whirls is closely related to the thermal
expansion of gas and the restriction of the radial flow by the axis. The theoretical solution of the unified
lifting curve for fire whirls and blue whirls is obtained, which is qualitatively in agreement with the numerical
result. There are 4 different branches in the lifting curve, two of which are stable, respectively representing fire
whirls with small liftoff distances, and blue whirls with larger liftoff distances. The unstable branches between
the stable branches lead to non-continuous transitions between fire whirls and blue whirls, as observed in the
experiment. The current study explains the existing physical phenomenon and makes valuable predictions
that may guide future experiments and simulations.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Blue whirl, a rotating flame stabilized over a

liquid fuel surface, has been discovered and stud-
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Fig. 1. (a) Experimental photograph of a blue whirl [1];
(b) Schematic illustration of a blue whirl. (For interpreta-
tion of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

rotating flow increases, a sooty and yellow fire whirl
can transform into a swirling blue flame, namely
blue whirl. As shown in Fig. 1(a), the blue whirl
consists of a bright-blue inverted conical flame at
the bottom and a faint-violet conical flame above
it. Considering that blue whirls are almost soot-
free compared to the traditional pool fires and fire
whirls, research into the structure and formation
mechanism of blue whirls is of interest to the
development of clean combustion technology.

Following the pioneering experiment by Xiao
et al., several subsequent studies [2-10] have also
demonstrated that blue whirls can be generated
when small-scale fire whirls on the fuel pool are
close to blowout due to excessive circulation. It is
shown that in carefully controlled experiments with
minimal external perturbations to the flame, the
blue whirl can persist for a considerable period of
time. According to Coenen et al. [6], as the applied
circulation increases, the flame base of the fire whirl
detaches from the fuel pool edge and moves toward
the center of the flame. During this process, fuel
evaporation and flame height decrease due to re-
duced heat transfer from the flame to the fuel sur-
face. As the circulation increases to a certain extent,
the lifted fire whirl transforms into a blue whirl. A
preliminary numerical simulation of the blue whirl
showed that the blue rim in the middle of the blue
whirl has a typical triple-flame structure [9]. Carpio
et al. [8] then performed a more detailed numeri-
cal simulation of the blue whirl and obtained re-
sults that were qualitatively consistent with the ex-
perimental results. It is found that the liquid fuel
evaporation is primarily driven by the radiative heat
transfer from the blue whirl.

Most existing studies [1-10] suggest that blue
whirls are generated by bubble-type vortex break-
down in the rotating flow, recognizing that bubble-
type vortex breakdown is a typical vortex break-
down phenomenon that occurs in rotating flows,

in which a stagnation point appears along the ro-
tation axis of the flow field and a recirculation
zone is formed [11]. It is noted however that while
there may indeed be a recirculation zone caused by
bubble-type vortex breakdown in the flame region
based on the unique shape of the blue whirl, and
several numerical simulations have found a recircu-
lation zone in the blue whirl [8.9], it does not nec-
essarily imply that vortex breakdown is necessary
for blue whirl generation as there is no solid exper-
imental evidence supporting this conjecture. Fur-
thermore, according to the existing studies [1,6,10],
blue whirls have been created only at centimeter
scales and cannot be obtained at larger scales yet, it
contradicts the fact that vortex breakdown is more
likely to occur in large-scale swirling flows.

Based on the above consideration, a thorough
investigation of the flame structure and generation
mechanism of blue whirls is warranted. Specifically,
in our previous work [12], we have analyzed the lift-
ing process of fire whirls under the Boussinesq as-
sumption. A C-shaped rs-Da lifting curve and the
critical blowout limit of fire whirls were derived the-
oretically by analyzing the structure and propaga-
tion of the triple flame at the flame base in the bot-
tom Ekman boundary layer. Since this study is lim-
ited to the Boussinesq assumption and restricted to
relatively small liftoff distances, no discussion of
blue whirls is included.

Consequently, we have now extended the previ-
ous study [12] to investigate the liftoff of fire whirls
with a broad range of liftoff distances and the gen-
eration mechanism of blue whirls. The structure of
blue whirls, the unified lifting curves of fire whirls
and blue whirls, as well as the transition mechanism
of these two flame regimes are identified. The paper
is organized as follows. First, Section 2 details the
formulation of the problem. Then, the numerical
approach is introduced and the results are discussed
in Section 3. Based on the obtained numerical re-
sults, a theoretical model is developed and analyzed
in Section 4.

2. Formulation

The physical problem studied is demonstrated
in Fig. 1(b) with the same configuration as in our
previous study [12]. Under the influence of a coax-
ial rotating screen, the pool fire above the liquid fuel
surface forms a fire whirl by interacting with the ro-
tating flow. As the circulation of the rotating flow
increases to a certain extent, the flame base of the
fire whirl detaches from the edge of the fuel pool
and the fire whirl is lifted. Usually, the fire whirl
blows out directly for considerable liftoft distances.
However, by carefully controlling the experimental
parameters and minimizing external perturbations,
the fire whirl can be transformed into a blue whirl
as shown in Fig. 1(a) [1], which has a distinct struc-
ture from that of the traditional fire whirl.
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A cylindrical coordinate system (7, z, 0) is used
with origin at the center of the fuel pool. At a ra-
dial position r,, a coaxial rotating screen with con-
stant rotational velocity, vy ,, is applied. Assum-
ing that the system is axisymmetric, the nondimen-
sional governing equations read

A(p7,) . 3(PpFV.)
oF 9z

5 72 AP . T
z:(v,)—p79=——+p<v2v,_ﬁ>,

0,

or
- IR 72 P SO 1
L(Vg) + p 9; =;0<V2 9 — ,Tz)’ M

L{T, Y} = pPr ' VYT, Yi} + (+, =} p&,

where tildes denote non-dimensional quantities,
and the fuel pool radius, r,, and the dynamic viscos-
ity, D,,, are used for non-dimensionalization. £(-) =
p(9/97 + ¥,0/0F + ¥.0/02)(-). Gr=gr}/D,> and
Pr = D,/Dr are the Grashof number and Prandtl
number, respectively. 7' = (T — Too)/(T — T,y) 18
the nondimensional temperature, where 7., is the
ambient temperature and 7, is the adiabatic flame
temperature. A single-step reaction is considered
for simplicity and & = p Da YrYoexp(—Ze (1 —
T7)/(1 — « (1 — T))), where F and O represent fuel
and oxygen, respectively. o, Da and Ze are respec-
tively the thermal expansion factor, the Damkoh-
ler number and the Zel’dovich number. Unity Lewis
number is assumed for all species.

The boundary conditions can be found in
Ref. [12]. As shown in Fig. 1(b), the main bound-
ary conditions consist of the rotating screen bound-
ary condition at radius r,, vy .,/D, = Ek, and the
fuel surface evaporation boundary condition. For
simplicity, thermal radiation from the flame to the
fuel surface, and thermal conduction in the liquid
phase are not directly calculated. Instead, the evap-
oration intensity of the liquid fuel surface is charac-
terized by the Spalding numbers relevant to the lo-
cal energy absorption at the fuel surface. Consider-
ing that the heat transfer from the flame to the fuel
surface is related to the radial position of the lifted
flame base, 7, [12], two different Spalding numbers,
B, and B, are used to characterize the evaporation
intensity of the liquid fuel for two different regions
with# > 7y and 7 < 7, respectively. Specifically, the
evaporation boundary condition of the fuel surface
is given as: . = —Pr™'B, (3 Ys/ Y,)/0% and Yy =
B,/(1+B,) for 7> 7s; while 3. =Pr'B,dT/dz
and Yg =1 for # < 7,. The subscript s represents
the fuel surface.

3. Numerical approach & result discussion

The governing Eq. (1) subject to the above
mentioned boundary conditions is solved numer-

ically until reaching the steady state. The two-
dimensional axisymmetric simulation region has
7 €0, 3] and Z € [0, 30]. Locally refined grids are
achieved in the triple-flame region at the flame base
with a minimum grid size of AF = AZ =2 x 1075,
A sensitivity analysis was performed before deter-
mining the geometry, mesh, and step size. Referring
to our previous study [12], the following parameter
values are used by default in simulations if not spec-
ified otherwise: @« = 0.7,Ze = 7.0,Pr =1, B, = 10,
B, =2, Gr = 4 x 10*, and Ek = 800.

The numerical approach is similar to that of
Ref. [12]. For a given radial liftoff position of
the flame, 7, the solutions to the eigenvalue, Da,
of the governing Eq. (1) are iteratively found in
the simulation. This approach allows grid refine-
ment of the triple-flame region before computa-
tion. Moreover, a complete set of solutions can be
obtained for specific flow parameters and bound-
ary conditions, including both stable and unstable
solutions. Upon obtaining the eigenvalue Da for
a given 7, the flame is slightly perturbed and its
subsequent behavior indicates the stability of the
solution.

It is noted that the liftoff process of fire whirls
is hysteretic and may involve several different liftoff
positions for a particular Da. Compared with our
previous study, the current simulation considers the
effect of thermal expansion and broadens the range
of the calculated liftoff distances. Consequently,
all branches of the lifting curve, including the blue
whirl branch, can therefore be found, resulting in a
complete lifting curve for both fire whirls and blue
whirls.

3.1. Flame lifting curve & blue whirl formation

Fig. 2 (a) presents the numerical solution of fire
whirls at different liftoff distances. In the bottom
Ekman boundary layer of fire whirls, as the liftoff
distance increases, the flame base of fire whirls
moves closer to the axis and then 7, decreases. Dur-
ing this process, the fuel evaporation and the flame
height decrease due to reduced heat transfer from
the flame to the fuel surface. When the liftoff dis-
tance decreases to a certain point, say 7, = 0.1, the
flame structure approximates that of the experi-
mentally observed blue whirl with an open bottom
tip [6].

It is seen from Fig. 2(a) that as 7, decreases, the
triple flame at the flame base increases in size and
is distorted in shape, and the flame profile grad-
ually transforms from being outwardly convex to
concave. As a result, blue whirls have a distinct
structure that differs from the traditional fire whirls.
The simulation results indicate that variation of the
triple flame structure is primarily due to thermal
expansion of the flow passing through the triple
flame, as well as the restricted radial flow near the
axis with small 7 since ¥, = 0 at 7 = 0.

Please cite this article as: S. Li, Q. Yao, C.K. Law et al., Structure and generation mechanism of blue whirls, Proceedings
of the Combustion Institute, https://doi.org/10.1016/j.proci.2022.10.003



https://doi.org/10.1016/j.proci.2022.10.003

JID: PROCI

[MNS;November 7, 2022;15:24]

4 S. Li, Q. Yao, C.K. Law et al. | Proceedings of the Combustion Institute xxx (Xxxx) xxx

Increasing Liftoff Distance 77 |

()

—_—

1 L 1 1
0.0 0.5 1.0 1.5
Da x10%

2.0 Stoichiometry point
Anchoring point

Fig. 2. (a) Numerical results of 7" and & of a lifted fire
whirl with increasing liftoff distance; (b) Numerical re-
sults of the 7,-Da lifting curve for lifted fire whirls and
blue whirls; (c) Streamlines around the triple flame at the
base of the lifted fire whirl with 7 = 0.1. (For interpreta-
tion of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

The fuel and air are well mixed before combus-
tion due to the large liftoff distances of blue whirls.
Consequently, as shown in Fig. 2(a), the trailing dif-
fusion flame of the triple flame almost disappears,
and the flame mainly consists of two partially pre-
mixed flames, with fuel-lean and -rich composi-
tions. Therefore, blue whirls produce less soot than
the traditional fire whirls, and their flames are blue
instead of bright yellow, which agrees with the ex-
periments [1,6,10].

The calculated relation between 7, and Da for
the liftoff process is given in Fig. 2(b). It is seen
that the 7,-Da lifting curve has 3 different branches
within the calculated range of the liftoff distances,
resulting in an S-shaped curve. In our previous
study [12], because of limited liftoff distances, only
two branches of the S-shaped curve are obtained,
showing a C-shaped curve. Additionally, Fig. 2(b)
shows that the first and third branches of the 7,-Da
curve are stable, while the second branch in between
is unstable.

No rigorous definition of blue whirls has yet
been provided in the literature. Referring to the 7 /-
Da lifting curve shown in Fig. 2(b), we attempt
to provide a straightforward and reasonably rigor-
ous definition that distinguishes blue whirls from
the traditional fire whirls. First, the first stable
branch with a relatively small liftoff distance can
be deemed a fire whirl. In contrast, the other stable
branch (i.e., the third branch) can be categorized as
a blue whirl. Then, the unstable branch between the
two stable branches is physically difficult to sustain,
representing the transition state between fire whirls
and blue whirls. It is easy to determine the flame

regime in the experiment with the current classifi-
cation because the unstable branch causes a non-
smooth transition between the two flame regimes,
which is observed in the experiments [1,6].

According to Fig. 2(b), shifting from the fire-
whirl to blue-whirl regime requires a gradual de-
crease in Da, while the opposite is true when shift-
ing from the blue-whirl to fire-whirl regime. The
transition from the fire-whirl regime to the blue-
whirl regime requires careful manipulation, e.g.,
slow adjustment of flow parameters such as circu-
lation intensity, and minimization of external per-
turbations to avoid blowout of the flame. The blue
whirl is located in a considerably broad stable re-
gion after it is established. Therefore, it can remain
relatively stable despite external perturbations. Un-
der certain conditions, some branches of the lift-
ing curve may merge or disappear. For example,
the vanishing of the second branch will lead to
the merging of the two stable branches, in which
there is no transition state between these two flame
regimes, thus making it unnecessary to distinguish
them.

3.2. Structure of blue whirls

As observed in the experiment, blue whirls can
either have an open or closed bottom tip [1]. A tip-
closed blue whirl can be obtained if the liftoff dis-
tance is further increased, as shown in Fig. 3(a). We
found that the tip-closed blue whirl can only be ob-
tained when the Spalding number of the fuel sur-
face, B,, is close to 1, and as such the mixture com-
position approaches stoichiometry near the sur-
face. Under this situation, the bottom tip of blue
whirls near the fuel surface keeps burning without
being extinguished.
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Fig. 3. Numerical results of blue whirls (B, = 1.2, the
nondimensional distance between the blue-whirl tip and
the fuel surface is 0.08): (a) Temperature, 7'; (b) Fuel con-
centration, Y, and equivalence ratio, ¢; (c) Reaction rate,
@, and streamline; (d-f) Three components of the veloc-
ity. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of
this article.)
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The numerical result of the blue whirl structure
shown in Fig. 3(a) generally matches the existing
experimental results (e.g., as shown in Fig. 1(a)).
The distributions of the fuel concentration and the
equivalence ratio, ¢, in the blue whirl are given in
Fig. 3(b). It is shown that the entire blue whirl can
be viewed as a triple flame, except that its trailing
diffusion flame is relatively weak and almost van-
ishing. In the given conditions, the triple flame’s
leading tip does not lie on the blue ring of the blue
whirl. In addition to the mixture composition near
the liquid surface, the leading tip position may also
be affected by the reaction mechanism used in the
simulation.

According to the streamlines given in Fig. 3(c)
and the contours of the three velocity components
given in Figs. 3(d-f), there is no stagnation point
or recirculation zone in the flow field of the blue
whirl, indicating that no bubble-type vortex break-
down occurs as previously assumed [1,10]. Conse-
quently, our study implies that vortex breakdown
is unnecessary for the generation of blue whirls. In
fact, there is no conclusive experimental evidence
of the existence of a stagnation point or a recir-
culation zone in the flow field of blue whirls. In
addition, vortex breakdown is more likely to oc-
cur in large-scale swirls; however, the blue whirl
has only been created in centimeter-scale exper-
iments so far and cannot be obtained at larger
scales [1,6,10]. Furthermore, while several numer-
ical simulations have found a recirculation zone in
the blue whirl [8,9], the direct relation between vor-
tex breakdown and blue whirl generation has not
been established yet. Finally, the blue whirl gener-
ated in the experiment [1] is relatively stable with
a smooth flame surface (see Fig. 1(a)), while vor-
tex breakdown usually causes local perturbation or
even turbulence. Therefore, it is possible that the
observed blue whirl did not exhibit vortex break-
down.

According to Figs. 2(a,c) and Fig. 3(c), the dis-
tinct difference between the flame shape of blue
whirls and fire whirls is due to the fact that, as the
liftoff distance of fire whirls increases to a certain
extent, the flow passing through the triple flame at
the flame base is significantly deflected by thermal
expansion combined with the constraints imposed
by the rotating axis. The triple flame is greatly dis-
torted with the flow for large liftoff distances, re-
sulting in a unique structure of blue whirls com-
pared with fire whirls.

4. Theoretical analysis

We have previously analyzed the fire whirl lift-
ing process under the Boussinesq assumption [12].
With this assumption, only the buoyancy effect
is considered, while the perturbation of the flow
by the thermal expansion of gas is neglected. Ac-
cording to our simulations, a blue whirl is transi-

tioned from a fire whirl at relatively large liftoff dis-
tances, and it is severely affected by thermal expan-
sion. Therefore, to analyze the structure and gener-
ation mechanism of blue whirls, we shall relax the
Boussinesq assumption and consider the thermal
expansion effect, extending the previous studies to
a broader range of liftoff distances.

4.1. Fire whirl liftoff under Boussinesq assumption

Here we start with a brief overview of the pre-
vious theoretical model on the liftoft of fire whirls
under the Boussinesq assumption [12]. By analyz-
ing the stabilization of the triple flame at the flame
base in the bottom Ekman boundary layer, the
liftoff position of the fire whirl is determined by
the equilibrium equation of the triple flame propa-
gation speed, S;, and the local flow velocity, 7/, as

7, = Sy, and then we obtain

F 28
— Re, — n,PriEK )

n,Pr 3 Bk ———
F(p)iy rr

2)

where Re, = S5r,/D, and S5 is the stoichiomet-
ric planar flame speed. n, and n, are two constants
given as n, = (60%)'3&s, and n, =22(c/6)'/3
ZeYr 5| Z'(&sy)], respectively (o = 0.5433). Based on
Refs. [12,13], the analytic solution of the mix-
ture fraction, Z, can be derived subject to the lo-
cal similarity variable, £ = (o Pr/6)3Ek"22F (F)/F
and F () = (732 — 1)~1/3. The subscript St repre-
sents the stoichiometric composition.

4.2. Extension to a broader range of liftoff
distances

In Ref. [12], the concentrated vortex above the
bottom Ekman boundary layer is presumed to be
a free vortex, i.e., the rotational velocity of the
main flow is ¥, o« 1/F. Experimental and simula-
tion results indicate that the concentrated vortex
in the bulk flame region of fire whirls can be ap-
proximated as a Burgers vortex. The Burgers vor-
tex consists of an inner solid rotating vortex and
an outer free vortex. Its distribution is expressed
as ¥, = Ek(1 — exp(—(y#/7.)*)/F, where F. is the
vortex core radius and y = 1.12. Consequently, the
theoretical analysis in Ref. [12] is only applicable to
the situation with 7, > 7., i.e., when the liftoff dis-
tance of fire whirls is relatively small.

According to our simulation results, when Gr is
considerably large (e.g., Gr = 64 x 10*), the vortex
core radius 7. is much smaller than the fuel pool
radius 7,. In this case, the main rotational veloc-
ity profile of fire whirls agrees well with that of
the Burgers vortex. However, when Gr is relatively
small (e.g., Gr = 1 x 10%), 7. is even larger than 7,.
Thus, the rotating flow above the fuel pool can no
longer be regarded as a free vortex. Additionally,
owing to the nature of axisymmetric rotating flows,
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vy always reduces to 0 at the axis, which also limits
the applicability of the previous theory.

A straightforward attempt to overcome the lim-
itation of the original theoretical model is to re-
place the global Ekman number, Ek, with the local
Ekman number, Ek,.(r) = vy(r)r/D,, in the deriva-
tion. Ek, is equal to Ek for the free vortex. For the
Burgers vortex, Ek, is approximately constant and
equalsto Ek at 7 > 7.. While for regions with 7 < 7.,
Ek, decreases continuously as 7 decreases, and re-
duces to 0 at 7 = 0. By incorporating Ek, into the
model, the singularity of theoretical solutions of
physical quantities at the axis is also eliminated. For
example, as # — 0, the current solution of ¥, s ap-
proaches a finite value rather than infinity as it does
in the previous model. Though the approach is not
mathematically rigorous, it provides a simple way
for extending the existing theory to all radial liftoff
positions of fire whirls. In fact, the boundary layer
assumption fails as 7 — 0, and as such the com-
plete Navier-Stokes equation should be considered
instead, although it is challenging to obtain a com-
plete global solution for this problem by rigorous
derivations. Following the derivation of our previ-
ous work and introducing Ek,(7) into the model,
the local fuel evaporation rate, 7., and the flame
position, Zg,, at the bottom Ekman boundary layer
of fire whirls can be obtained. It is noted that the
current method can be applied to general forms of
concentrated vortex that do not satisfy the Burgers
vortex distribution.

4.3. Considering axial velocity & thermal
expansion

As the liftoft distance of a fire whirl increases
and the flame base gets closer to the axis, the ax-
ial velocity at the triple-flame region increases while
the radial velocity decreases. Consequently, the ax-
ial velocity for relatively large liftoff distances shall
no longer be neglected. Based on the derivation in
Ref. [12] and omitting the relatively small term, the
axial velocity in the bottom boundary layer of fire
whirls is

32
- o 32z
2 Eke(r)%ﬁ. 3)

With a large Zel'dovich number and a small traver-
sal velocity gradient (TVG) in the boundary layer,
the effect of TVG on the structure and apparent
propagation speed of the triple flame is negligi-
ble [12]. By ignoring the TVG effect, the leading tip
of the triple flame is located at the stoichiometric
position, where the axial velocity of the flow is

1
FF(F)?"
As a comparison, the radial velocity at the same po-
sition is

Vi.p = 0&si Ek.(F)

o o w1
Vs = 368 Bke(P)? )

FE(F) ©)

According to Eqs. (4) and (5), ¥, s is much larger
than 7. ; in most of the radial positions along the
stoichiometric line. As the flame base is lifted close
to the axis (e.g., 7y < 0.1), 7., increases rapidly,
whereas ¥, ; decreases quickly to 0. Therefore, V. ;
needs to be considered in the current study for a
broad range of liftoff distances. This is different
from our previous analysis, in which 7. ; can be
safely ignored since 7, > 0.5 was studied.

As a result of the high flame temperature in fire
whirls and blue whirls [2], thermal expansion of gas
is generally not negligible. Based on the asymptotic
analysis of the triple flame propagation in uniform
flows by Ghosal et al. [14] and the derivation given
in Ref. [12], the dynamic equilibrium of the triple
flame of lifted fire whirls including the thermal ex-
pansion effect and the axial velocity is written as
Ve = S, which can be expanded to

~ 2 ~ 2
~ Vi f Vo f &
Vo = \/(Jl(a)> + (Jo(ﬂl)) = Si, (6)

where J(a) = 1 + la quantifies the effect of the
thermal expansion on the apparent propagation
speed of the triple flame, with / =1 in the case
of uniform flows in the absence of nearby sur-
faces [14]. Due to the complexity of the current
problem, it is challenging to obtain a theoretical ex-
pression of /. Considering that as the triple flame
approaches the axis and 7, decreases, the thermal
expansion effect coupled with the restriction of the
radial flow by the axis results in a greater slow-
down of ¥,, therefore J;(«) is expected to increase
with decreasing 7,. For this reason, we simply let
[ =3.5—2.0 7 in combination with the numeri-
cal results. Since there are no direct constraints on
the axial flow by the axis, / = 1 and as such Jy(«) =
1 + o, which does not vary with 7, is applied to the
term containing 7. s in Eq. (6).

4.4. Solutions to liftoff of fire whirls & blue whirls

Substituting the expressions of ¥, /, 7.  and Sr
into Eq. (6) yields

\/( I nv,,Ek(,(ff)>2+< i n‘,v,_-Eke(f_f)‘”)2
Ji(w) 7 F(Fr) Jo(e)  FrF(Fr)

SR Y )
=iy T

=Re,

@)

where n,, = oks, n,.=(0/2)&2, n,=+~2Ze
YeZ'(Es;). Equation (7) is an algebraic equa-
tion for the radial liftoff position, #,. As such,
the liftoft distance for given conditions can be
obtained with a simple calculation of Eq. (7).
Based on the left and right terms of Eq. (7),
Figs. 4(a-d) show the distributions of the propaga-
tion speed, S;, and the flow velocity, 17]-,“, along the
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Fig. 4. Theoretical solutions of the triple flame propaga-
tion speed, Sy, and the flow velocity, ¥/ ,, along the stoi-
chiometric line for various Ek (Re, = 200).
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Fig. 5. Comparison of theoretical and numerical results
of #s-Da curves under varied Ek, B,, and Gr. a) B, =
2 and Gr =4 x 10*; b) Gr =4 x 10* and Ek = 800; c)
B, = 2 and Ek = 800.

stoichiometric line in the boundary layer for var-
ious Ekman numbers. Each intersection point of
the two curves in the figure represents a solution to
Eq. (7). Fig. 4(a) shows that Eq. (7) has no solutions
for too large values of Ek, at which the fire whirl
blowouts. As Ek decreases, one solution appears,
which is close to the axis (see Fig. 4(b)). It corre-
sponds to the solution of blue whirls. If Ek contin-
ues to decrease, the number of solutions gradually
increases to a maximum of 4 (see Fig. 4(c)), and
then decreases again. When Ek decreases to a cer-
tain extent, only two solutions exist, with one close
to the edge of the fuel pool and the other close to
the axis (see Fig. 4(d)). As Ek further decreases,
these two solutions respectively move toward the
axis and the fuel pool edge.

Theoretical results of the lifting curves of fire
whirls are obtained by plotting all the solutions as
shown in Figs. 4(a-d) on the 7,-Da coordinate sys-
tem. As illustrated in Figs. 5(a-f), the theoretical
solution of the lifting curves agrees qualitatively
with the numerical result for a wide range of pa-
rameters, successfully providing each branch of the
curve. The theory correctly predicts the trend of the
influence of various parameters on the lifting pro-

effect, which can both intensify the flow in the bot-
tom Ekman boundary layer. On the other hand, the
increase of B, causes the stoichiometric line in the
boundary layer to shift outward, thereby increas-
ing the local flow velocity subjected to the triple
flame. Since the effect of the cold surface on the
triple flame is not considered in our model, the re-
quired Da for flame stabilization is underestimated
for relatively small B,, in which the triple flame is
too close to the cold surface and the heat loss in-
creases.

4.5. Unified lifting curve & transition mechanism

Based on the above analysis, blue whirls are
generated from significantly lifted fire whirls. Both
lifted fire whirls and blue whirls have the structure
of a triple flame, but the size, position and shape of
the triple flame vary with different liftoff distances.
Consequently, the blue whirl can be considered as
a special form of the fire whirl. To better under-
stand the transition mechanism between fire whirls
and blue whirls, it is necessary to consider the lift-
ing curves of these two flame regimes in a unified
approach.

In normal circumstances, the size of the triple
flame at the flame base of a lifted diffusion flame
is relatively small, for which the distance between
the flame base and the location where the fuel and
air start to mix can be taken directly as the liftoff
distance. However, when the size of the triple flame
is considerably large, as with the blue whirl stud-
ied in this paper, the position of each point on
the triple-flame profile differs significantly. Here we
propose a general definition of the liftoff distance,
L: the distance between the anchoring point of the
lifted flame base and the position where the initial
fuel/oxidizer mixing starts (e.g., fuel pool edge for
the current study). As indicated in Fig. 2(c), the an-
choring point is where the flame surface is perpen-
dicular to the local flow velocity, which plays an es-
sential role in the propagation and stabilization of
lifted diffusion flames.

For fire whirls with small liftoff distances, the
anchoring point is located close to the triple flame’s
stoichiometric position. As shown in Fig. 2(a),
when the liftoff distance of the fire whirl increases
or even a blue whirl forms, the shape of the triple
flame is significantly twisted, and the anchoring
point shifts downward towards the bottom of the
blue whirl (see Fig. 2(c)). As illustrated in Fig. 3(a),
the anchoring point of the triple flame ultimately
reaches the bottom tip position of the blue whirl.
In order to simplify the process and make it eas-
ier to observe the overall lifting curve, we let L, =
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Fig. 6. Numerical results of the unified lifting curve for
fire whirls and blue whirls (B, = 1.2). (For interpretation
of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

(rp —ry) +z, for lifted fire whirls or blue whirls
with an open tip, while letting L, = r, 4 z for blue
whirls with a closed tip.

Fig. 6 shows the numerical results of the uni-
fied L,-Da lifting curve of fire whirls and blue
whirls. It is seen that the lifting curve has 4 different
branches, two of which are stable while the other
two are unstable. There are 3 critical points between
these branches, namely (Da.i, Ls..1), (Do, Ly.2)

and (Da,;, L 1.c3), which respectively correspond to
the transition from fire whirls to blue whirls, the
transition from blue whirls to fire whirls, and the
blowout limit of blue whirls. Different branches
of the unified lifting curve may merge in some in-
stances, which would allow the transition process
between blue whirls and fire whirls to be continu-
ous.

According to Fig. 6, the slightly lifted fire whirl
and the blue whirl with open tip are in the stable
branch. It is found that the blue whirl tends to be-
come unstable when the bottom tip is closed, which
can be due to that the topology of the triple flame
on blue whirls is essentially changed after the tip
closure, causing perturbations to the flame. Addi-
tionally, considering that fire whirls and blue whirls
are in dynamic stability in actual experiments [1,6],
blue whirls may be in a dynamic stable state after tip
closure and harder to achieve static stability. The
current study only examines the static stability of
the physical processes. In dynamically stable lifting
processes, the L r-Da lifting curves will change ac-
cordingly.

Based on the relation between the liftoff dis-
tance, L;, and 7, given above, the theoretical so-

lution of i,» can be derived from Eq. (7). The an-

alytical result of the Zf—Da lifting curve is given
in Fig. 7, in which the transition mechanism of

Da

Fig. 7. Transition mechanism of lifted fire whirls (FWs)
and blue whirls (BWs): (a) Transition from fire whirls to
blue whirls; (b) Transition from blue whirls to fire whirls.
(For interpretation of the references to colour in this fig-
ure legend, the reader is referred to the web version of this
article.)

lifted fire whirls and blue whirls is also indicated.
It is seen that the hysteretic lifting process leads
to irreversible transitions between these two flame
regimes. As shown in Fig. 7(a), Da needs to be
gradually reduced in order to transform fire whirls
into blue whirls, provided all other parameters are
fixed. When Da decreases to less than Da,;, L s sud-
denly increases, and the flame regime jumps from
the fire-whirl branch to the blue-whirl branch. Asil-
lustrated in Fig. 7(b), the transition from fire whirls
to blue whirls requires a gradual increase in Da.
As Da becomes larger than Da,,, L, suddenly de-
creases, and the flame regime jumps from the blue-
whirl branch to the fire-whirl branch. It is noted
that Fig. 7 only shows the lifting curve for a specific
set of parameters. By changing parameters such as
Ek, Gr, and B,, the 4 branches will be adjusted
accordingly. It is possible for different branches to
merge and for critical points to disappear under cer-
tain circumstances.

The theoretical analysis in this paper not only
explains the existing experimental phenomenon
but also provides guidance for future experimen-
tal designs. For example, according to Fig. 7(a),
if Da.; < Dag, the transition from a fire whirl
to a blue whirl becomes difficult to control, and
the fire whirl tends to blowout directly. While
for Da., < Da,3, the blue-whirl branch disappears,
which means no blue whirl can be generated under
this condition. Our analysis shows that to obtain
stable blue whirls, it is essential to choose appropri-
ate parameters to widen the blue-whirl branch in
the lifting curve.
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5. Conclusions

The liftoff of fire whirls and blue whirls, as well
as the structure and transition of these two types
of flames, are numerically and theoretically inves-
tigated. It is found that blue whirls can be gener-
ated without the occurrence of bubble-type vortex
breakdown. Both fire whirls and blue whirls have
a typical triple-flame structure, and the position,
size and shape of the triple flame vary as the liftoff
distance changes. The unique flame shape of blue
whirls is caused by a combination of the thermal
expansion of gas and the restriction of the radial
flow by the axis as the triple flame of the flame base
is close to the rotating axis. The theoretical solu-
tion of the unified lifting curve of these two flame
regimes under a wide range of parameters is de-
rived and qualitatively agrees with the numerical
result. The unified lifting curve contains 4 differ-
ent branches, two of which are stable and the other
two are unstable. The two stable branches respec-
tively correspond to fire whirls with relatively small
liftoff distances and blue whirls with greater liftoff
distances. Finally, the hysteretic transition mecha-
nism between the two flame regimes is discussed,
which is expected to provide useful guidance for fu-
ture experiments.
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