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Abstract

In our most recent paper on Bunsen spray flames, only a completely prevaporized mode of a normal Bunsen flame

was considered; inverted Bunsen flame and droplet size effects had not been examined yet. In the present study, we

consider two flame structures: normal and inverted Bunsen flames, and two spray modes: completely and partially

prevaporized burning, by the method of large activation energy asymptotics. In this way, a complete parametric study

of flame tip intensification or extinction (opening) can be conducted. Four parameters are used in the analysis. The first

two are the droplet size and amount of liquid-fuel loading, which indicate internal heat loss for a rich spray but heat

gain for a lean spray. The other two are the stretch and Lewis number (Le). Stretch is negative for a normal Bunsen

flame but positive for an inverted Bunsen flame. Stretch strengthens (or weakens) the burning intensity of the Le > 1 (or

Le < 1) normal Bunsen flame but decreases (or increases) the burning intensity of the Le > 1 (or Le < 1) inverted

Bunsen flame. Burning intensity of the flame tip intensifies (or weakens) when the lean (or rich) spray has a smaller

droplet size or a larger amount of liquid loading. For lean and rich ethanol-spray normal Bunsen flames with Le > 1 or

a rich methanol-spray inverted Bunsen flame with Le < 1, closed-tip solutions are obtained. Conversely, stretch

weakens the burning intensities of lean and rich ethanol-spray inverted Bunsen flames with Le > 1, or rich methanol-

spray normal Bunsen flames with Le < 1, eventually leading to tip opening. Moreover, the opening becomes wider (or

narrower) as the droplet size decreases or liquid loading increases for the rich (or lean) sprays. Note that for lean

ethanol-spray normal (or inverted) Bunsen flame with Le > 1, if liquid loading is large enough and droplet size is

sufficiently small, there exists flame transition from normal (or inverted) Bunsen through planar to inverted cone (or

normal Bunsen) flame. Finally, the critical value of droplet size, at which there exists a planar flame rather than a

normal (or an inverted) Bunsen flame, increases with increasing liquid loading.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Flame curvature is a significant parameter that in-

fluences structure and propagation of premixed flame

through its considerable contribution to flame stretch.

The Bunsen flame contains a curved premixed reaction

zone that has a tip. Using the Bunsen flame as a model
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curved flame, stretch is manifested through curvature

along the surface, attaining its maximum at the tip.

There are different stretch rates at different horizontal

planes through the Bunsen flame; it also experiences a

negative stretch (i.e., compression). Bunsen flame ex-

hibits an interesting phenomenon of local flame extinc-

tion, that is, its tip can be either closed or open

depending on whether Lewis number (Le) is greater than
or less than unity [1–6].

Sivashinsky [1,2] was the first to use activation energy

asymptotics to analyze the structure of the Bunsen

flame tip. Subsequently, Buckmaster [3] explored the
ed.
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Nomenclature

Dimensional quantities

B0 preexponential factor

C0
PG specific heat of the gaseous mixture

C0
PL specific heat of the liquid

d 0 tube diameter

E0
a activation energy

‘0D thickness of the diffusion zoneeMM 0 average molar masseMM 0 molar mass

n0 number density

p0 pressureeRR universal gas constant

r0 droplet radius

S0
L one-dimensional adiabatic flame speed

Nondimensional quantities

G dU=dR
hLG latent heat of vaporization, h0LG=ðC0

PGT
0
i Þ

K KðT ; YOÞ ¼ ln½1þ ðT � TbÞ=hLG� for the va-

porizing droplet or KðT ; YOÞ ¼ ln½1þ ðT�
Tb þ YOQÞ=hLG� for the burning droplet

kF kF ¼ 1 and 0 for the vaporizing droplet and

the burning droplet, respectively

kO kO ¼ 0 and )1 for the vaporizing droplet

and the burning droplet, respectively

kT kT ¼ �hLG and (Q� hLG) for the vaporizing
droplet and the burning droplet, respec-

tively

Le Lewis number

_mm axial mass flux, qu
Q heat combustion of fuel, Q0=ðC0

PGT
0
i Þ

R radial coordinate, R0=d 0

T temperature, T 0=T 0
i

Ta activation temperature, E0
a=ðeRRT 0

i Þ
Tf adiabatic flame temperature, T 0

f =T
0
i

u axial velocity, u0=S0
L

W defined in Eq. (7)

x axial coordinate, x0=d 0

Y YF ¼ Y 0
F and YO ¼ Y 0

O=r
y defined in Eq. (1)

z density variable, q0
G=q

0

Greek symbols

a a ¼ 1 and a ¼ 0 for lean and rich sprays,

respectively

b mass fraction perturbation in the reaction

zone

c ð1� ziÞ=d
d small expansion parameter, ‘0D=d

0

e small expansion parameter, Tf=Ta
g stretched variable of the reaction zone, n=e
h temperature perturbation in the reaction

zone

K K ¼ 2ðTf=TaÞðB0r= eMM 0
OÞðp0 eMM 0=eRRÞ2

fk0=½C0
PGðq0

GiS
0
LÞ

2�g expð�Ta=TfÞ
k0 thermal conductivity

n stretched variable of the diffusion zone, y=d
q0 density

r stoichiometric ratio

s s ¼ f2Lek _mm0=½ðTf � 1ÞðLek � 1Þ�gR
U flame front surface

/ equivalence ratio

w G0

Superscripts
0 dimensional quantities

+ downstream near the flame

Subscripts

b boiling state

c droplet size for completing vaporization just

at the flame front

d downstream

e state at which droplet is completely vapor-

ized

F, O fuel and oxygen

f flame front

G, L gas and liquid phases

i initial state

j j¼F or O

k k¼F and O in lean and rich mixtures, re-

spectively

v state at which evaporation initiates

w w¼O and F in lean and rich mixtures, re-

spectively

0, 1 zeroth and first orders
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mathematical description of open and closed Bunsen

flame tips. Both Sivashinsky and Buckmaster concluded

that for a negatively stretched Bunsen flame tip, since

concave shape with respect to upstream reactants fo-

cuses heat ahead of the flame while at the same time

defocuses reactants approaching the flame, burning in-
tensity increases for Le > 1 mixtures but decreases for

Le < 1 mixtures, respectively resulting in the phenomena

of tip intensification or extinction (opening). Addition-

ally, some experimental studies [4,5] have reported that

observed characteristics of tip opening are in accordance

with theoretical predictions [1–3].
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Fig. 1. Schematic diagram of a curved flame front under the

influence of a fuel spray.
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The counterpart of the normal Bunsen flame is the

inverted Bunsen flame, whose stretch is positive based

on curvature alone. The combustion characteristics of

inverted Bunsen flames are of great importance and have

received much attention [6–10]. For instance, in internal

combustion engines, when the initial flames propagate in

the swirl flow, the premixed flames are curved and ex-

posed to stretching simultaneously; in some cases, the

minute flame structures are the same as the inverted

Bunsen flames [7]. Mikolaitis [8,9] studied the interac-

tion of flame curvature and stretch with positive and

negative curvatures and found that the flame speed is

independent of flame curvature in the absence of stretch.

However, the effect of flame curvature is significant in

determining changes in flame speed when stretch is

present. Recent investigations [6,10] demonstrated that

on approaching the flame tip along the surface, burning

intensity of the inverted Bunsen flame increases (or de-

creases) due to the positive curvature coupled with the

Le < 1 (or Le > 1) effect. Therefore, in contrast to nor-

mal Bunsen flame, for Le > 1 (or Le < 1), an inverted

Bunsen flame always results in an open-tip (closed-tip)

configuration.

The extinction effect of a dispersed phase on pre-

mixed flames was first reported by Mitani [11]. Subse-

quently, much attention has been paid to burning and

extinction of dilute spray flames by a series of theoretical

studies in one-dimensional models [12–14]. It was con-

cluded that flame extinction characterized by a C-shaped

curve is dominated by the external heat loss, while the S-

shaped extinction curve is caused by internal heat loss

associated with droplet gasification. In those studies,

however, the effects of stretch and preferential diffusion

on flame behavior were not examined. Recently, Hou

and Lin [15,16] formulated an extinction theory of

positively stretched premixed flames with a combustible

spray in stagnation-point flow. For positively stretched

flame, increasing stretch weakens Le > 1 flame but in-

tensifies Le < 1 flame. It was concluded that external

heat loss associated with flow stretch dominates the

trend towards flame extinction, and there exists flame

flashback rather than flame extinction for rich metha-

nol-spray flame with Le < 1.

The studies on normal and inverted Bunsen flames

introduced above focused on homogeneous mixtures

only. Although coupled influence of positive stretch and

combustible spray on planar premixed flames with

nonunity Lewis number are available, the literature on

negatively stretched Bunsen spray flames or positively

stretched inverted Bunsen spray flames is still very lim-

ited. Only in our recent study [17], the structure of

Bunsen flame tip under the influence of dilute sprays was

first reported using large activation energy asymptotics.

However, this preliminary study did not include the

strong effect of droplet size since it only considered a

completely prevaporized mode, in which no liquid
droplets existed downstream of the flame. Moreover, the

combustion characteristics of inverted Bunsen flames are

of great importance but have not been examined yet.

Therefore, in the present study, we use large activation

energy asymptotics to further analyze the structures of

normal and inverted Bunsen flame tips under the influ-

ence of droplet size, liquid-fuel loading, preferential

diffusion and flame stretch. We consider two flame

structures: normal and inverted Bunsen flames, and two

spray modes: a completely prevaporized mode and a

partially prevaporized mode. In this way, a complete

parametric study of flame tip intensification or extinc-

tion (opening) can be conducted. We shall also examine

the flame front at distances close to the tip of normal (or

inverted) Bunsen flames.
2. Theoretical model

2.1. Configuration and assumptions

Fig. 1 shows a schematic diagram of a curved flame

front under the influence of a fuel spray. The two-phase

premixture consists of gaseous-fuel, air and liquid-fuel

droplets. The flow velocity from an infinite distance

upstream is uniform along the radial direction and is not

refracted by the flame until it crosses the flame. By de-

fining a critical initial droplet size (r0c) for a droplet to

achieve complete evaporation at the premixed flame

front, we have completely prevaporized and partially

prevaporized spray when r0i 6 r0c and r0i > r0c, respectively.
Depending on available oxidizer downstream of the

flame, the downstream mixture has either droplet

burning for lean spray or droplet vaporization for rich
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spray in partially prevaporized mode. Droplets are as-

sumed to start evaporation only when the gas temper-

ature has reached the boiling point of the liquid. In the

partially prevaporized mode, droplets then ignite upon

crossing the flame, and they vanish upon complete

combustion for lean spray or complete evaporation for

rich spray.

On the basis of large activation energy asymptotics,

we assume that a small parameter d ¼ ‘0D=d
0 � 1, where

‘0D ¼ k0=ðq0
GiC

0
PGS

0
LÞ represents the thickness of the dif-

fusion zone and d 0 denotes the tube diameter; and k0 is
thermal conductivity, C0

PG is the specific heat at constant

pressure, q0
Gi is the density of the fresh gas at the infinite

distance upstream and S0
L is the one-dimensional adia-

batic laminar flame speed of a premixed flame. For small

tubes, the effect of the boundary layer on the wall of the

flame tube could be significant. Our study ignores this

effect; therefore it is not valid for small tubes. According

to the fast chemical reaction, a thin reaction zone is

assumed to be embedded within the diffusion zone. We

assume that the spray is monodisperse and dilute, with

liquid loading being OðeÞ of total spray mass. Here the

small parameter of expansion, e, is the ratio of thermal

energy to large activation energy in the combustion

process. Small parameters of d and e are assumed to be

of the same order for the matching of the reaction zone.

Furthermore, at a curved surface a given distance par-

allel to the flame front, droplets are assumed to be of the

same size, droplet temperature is constant and droplet

motion is in phase with the gas. Finally, we assume that

the fuel and oxidizer reaction for the bulk premixed

flame is one-step overall, that droplet gasification fol-

lows a d2-law and that conventional constant property

simplifications apply.

2.2. Governing equations

From the assumptions introduced above, the total

number of droplets crossing any curved surface parallel

to the flame front is constant, i.e., n0u0 ¼ n0iu
0
i, where n

0 is

the number density and u0 is the axial velocity. We

designate the extent of gas-phase heterogeneity by the

variable z ¼ q0
G=q

0, where q0 is the overall density of the

two-phase mixture, such that z ¼ 1 represents the com-

pletely vaporized state. The characteristic distance and

velocity for nondimensionalization are the tube diameter

d 0 and S0
L, respectively. Here, quantities with and with-

out primes are dimensional and nondimensional, re-

spectively. After formulating the nondimensional

governing equations in the cylindrical coordinate system

(R, x) based on cylindrical symmetry, it is convenient to

examine the problem by transforming the cylindrical

coordinate system (R, x) into the (R, y) coordinate sys-

tem relative to the surface of the flame front

y ¼ x� UðRÞ; ð1Þ
where x ¼ UðRÞ is the equation for the flame front sur-

face. Therefore, the nondimensional equations for

overall continuity, gas-phase continuity, and conserva-

tion of fuel, oxidizer and energy are, respectively, given

by [15–17]:

o

oy
ðquÞ ¼ 0; ð2Þ

o

oy
ðzquÞ ¼ d�1Að1� zÞ1=3ð1� ziÞ2=3KðT ; YOÞ=ðzT Þ; ð3Þ

o

oy
ðzquYFÞ � dLe�1

F

o2YF
oy2

�
þ 1

R
o

oR
R

oYF
oR

��
� G

oYF
oy

��
� G

o

oy
oYF
oR

�
� G

oYF
oy

��
¼ d�1W þ kF

o

oy
ðzquÞ;

ð4Þ

o

oy
ðzquYOÞ � dLe�1

O

o2YO
oy2

�
þ 1

R
o

oR
R

oYO
oR

��
� G

oYO
oy

��
� G

o

oy
oYO
oR

�
� G

oYO
oy

��
¼ d�1W þ kO

o

oy
ðzquÞ;

ð5Þ

o

oy
ðzquT Þ � d

o2T
oy2

�
þ 1

R
o

oR
R

oT
oR

��
� G

oT
oy

��
� G

o

oy
oT
oR

�
� G

oT
oy

��
¼ �d�1WQþ kT

o

oy
ðzquÞ;

ð6Þ

where G ¼ dU=dR, A ¼ 3ð‘0DÞ
2p0 eMM 0=½T 0

i q
0
L
eRRðr0iÞ2�, and

W ¼ �ðB0r= eMM 0
OÞðp0 eMM 0=eRRÞ2fk0=½C0

PGðq0
GiS

0
LÞ

2�gYOYF
� expð�Ta=T Þ: ð7Þ

In Eqs. (3)–(6), the function KðT ; YOÞ and the constant

parameters kF, kO and kT are, respectively, ln½1þ
ðT � TbÞ=hLG�, 1, 0 and �hLG for droplet vaporization

and ln½1þ ðT � Tb þ YOQÞ=hLG�, 0, )1 and (Q� hLG) for
droplet burning.

Analysis of the problem will be separated into the

following two regions, namely the diffusion zone and the

reaction zone. Based on the assumption of e and d being

of the same order for the matching of the reaction zone,

the stretched variables are given by n ¼ y=d and g ¼ n=e
for the diffusion zone and the reaction zone, respectively.

2.3. Diffusion zone

In the diffusion zone, the dependent variables are

expanded with respect to the same parameter of d as

T ¼ T0 þ dT1 þOðd2Þ; ð8Þ

Yj ¼ Yj0 þ dYj1 þOðd2Þ; j ¼ F;O; ð9Þ
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u ¼ u0 þ du1 þOðd2Þ; ð10Þ

q ¼ q0 þ dq1 þOðd2Þ; ð11Þ

G ¼ G0 þ dG1 þOðd2Þ: ð12Þ

In order to satisfy the flame structure, z is also expanded

as z ¼ 1� dcz0 þOðd2Þ such that zi ¼ 1� dc for a dilute

spray. Liquid loading is characterized by the parameter

c. Substituting Eqs. (8)–(12) into Eqs. (2), (4)–(6) and

expanding, we have

o

on
ðq0u0Þ ¼

o

on
ð _mm0Þ ¼ 0; ð13Þ

_mm0

oYj0
on

� 1

Lej
ð1þ G2

0Þ
o2Yj0
on2

¼ 0; j ¼ F;O; ð14Þ

_mm0

oT0
on

� ð1þ G2
0Þ
o2T0
on2

¼ 0; ð15Þ

from which the zeroth order solutions are readily de-

termined as

Yj0 ¼
Yj;i � Yj;i exp

_mm0

1þG2
0

Lejn
� �

; j ¼ F;O; n < 0;

Yj;i � Yk;i; n > 0;

(
ð16Þ

T0 ¼
1þ ðTf � 1Þ exp _mm0

1þG2
0

n
� �

; n < 0;

Tf ; n > 0;

(
ð17Þ

where k¼F and k¼O for lean and rich mixtures, re-

spectively. _mm0 denotes axial mass flux.

Using Eqs. (3) and (17), we find

z0 ¼ 1

8<: � 2A
3 _mm0

Z n

nv

1

"
þ ðTf � 1Þ exp _mm0

1þ G2
0

n

 !#�1

� ln 1

24 þ
ð1� TbÞ þ ðTf � 1Þ exp _mm0

1þG2
0

n
� �

hLG

35dn
9=;

3=2

;

n < 0: ð18Þ

From Eq. (17), nv represents initiation of droplet evap-

oration and is given by

nv ¼ ½ð1þ G2
0Þ= _mm0� ln½ðTb � 1Þ=ðTf � 1Þ�: ð19Þ
2.4. Reaction zone

In the reaction zone of the bulk gas-phase flame, the

solution is expanded around the flame-sheet limit as

T ¼ Tf þ eTfhþOðe2Þ; ð20Þ

Yj ¼ Yjf þ ebj þOðe2Þ; j ¼ F;O; ð21Þ

resulting in
Le�1
j ð1þ G2

0Þ
o2bj

og2
¼ K

2

Tf
Ta

� �
Ywdbk expðhÞ; ð22Þ

�ð1þ G2
0ÞTf

o2h
og2

¼ K
2
Q

Tf
Ta

� �
Ywdbk expðhÞ; ð23Þ

where K ¼ 2ðTf=TaÞðB0r= eMM 0
OÞðp0 eMM 0=eRRÞ2fk0=½C0

PGðq0
Gi �

S0
LÞ

2�g expð�Ta=TfÞ is the flame speed eigenvalue and

w¼O (w¼F) for lean (rich) mixtures. By using the

matching conditions at g ! �1, we find

T1ð0þÞ ¼ �2Tf lnf½ð1þ G2
0Þ

1=2
= _mm0�½Tf=ðQYk;iÞ�

� ½KðTf=TaÞYwdLek�1=2g; ð24Þ

in which T1ð0þÞ denotes the first-order downstream

temperature near the flame. Adding Eq. (4) or (5) to Eq.

(6), and then integrating from n ¼ �1 to n ¼ 0þ yields

T1ð0þÞ ¼ c Tb

(
� C0

PL

C0
PG

ðTb � 1Þ � ðTf � kTÞ

þ _mm0

1þ G2
0

ðTf � kTÞ
Z ne

0

exp

 
� _mm0

1þ G2
0

!
z0 dn

)

� 1

_mm0

ðTf � 1ÞðLek � 1Þ
Lek

G0

R

�
þ dG0

dR

�
; ð25Þ

in which

ne ¼ z0ð0Þ2=3=f2A ln½1þ ðTf � Tb þ aQYwdÞ=hLGÞ�
=ð3 _mm0TfÞg ð26Þ

denotes the completely vaporized state. Here a ¼ 1 and

a ¼ 0 for lean and rich sprays, respectively.

2.5. Final solutions

Combining Eqs. (24) and (25) by eliminating T1ð0þÞ,
and introducing new variables w ¼ G0, and s ¼
f2Lek _mm0=½ðTf � 1ÞðLek � 1Þ�gR, then we have the final

results as follows

dw
ds

þw
s
¼ Tf ln

ð1þw2Þ1=2

_mm0

Tf
QYk;i

K
Tf
Ta

� �
YwdLek

� �1=2( )

þ c
2

Tb

"
� C0

PL

C0
PG

ðTb � 1Þ � ðTf � kTÞ

þ _mm0

1þw2
ðTf � kTÞ

Z ne

0

exp

 
� _mm0

1þw2
n

!
z0 dn

#
:

ð27Þ

Here w denotes the slope of the surface of the flame front

and s indicates the combined effects of Lewis number

and radial position (stretch). The first term on the right

hand side of Eq. (27) shows the coupled effects of Lewis

number and stretch, while the second term on the right
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hand side shows the spray effect, including droplet size

(r0i ) and liquid-fuel loading (c).
For the completely prevaporized mode, which was

the only mode discussed in the previous investigation

[17], the value ne defined in Eq. (26) equals zero, there-

fore Eq. (27) is simplified as

dw
ds

þ w
s
¼ Tf ln

ð1þ w2Þ1=2

_mm0

Tf
QYk;i

K
Tf
Ta

� �
YwdLek

� �1=2( )

þ c
2

Tb

�
� C0

PL

C0
PG

ðTb � 1Þ � ðTf � kTÞ
�

ð28Þ

indicating that there is no contribution to the flame

characteristics coming from the droplet size.
A: Le<1 B: Le>1

Normal Bunsen FlameOpen-Tip Bunsen Flame

Fig. 2. Phase plane of Eq. (28) with c ¼ 0. The arrows on the

characteristic curves indicate increasing R (departing from

flame tip), i.e., decreasing stretch. Fig. 2 is essentially a repro-

duction from [2,6].
3. Results and discussion

The burning characteristics of two flame structures

including normal and inverted Bunsen spray flames are

reported and discussed herein. In the analysis, the initial

droplet size (r0i) and amount of liquid-fuel loading (c)
indicate the internal heat gain for lean sprays but in-

ternal heat loss for rich sprays. Stretch is manifested

through curvature along the flame surface of normal (or

inverted) Bunsen flame, attaining maximum at the tip.

Lewis number designates the ratio of thermal-to-mass

diffusivities of the deficient reactant in the mixture.

Sample calculations are conducted using Eqs. (24)–(28).

A lean ethanol-spray flame (Le > 1), a rich ethanol-

spray flame (Le > 1), and a rich methanol-spray flame

(Le < 1) are adopted to show the influence of nonunity

Lewis number. It is apparent from the parameter

s ¼ f2Lek _mm0=½ðTf � 1ÞðLek � 1Þ�gR that s > 0 and s < 0

correspond to the problems of Le > 1 and Le < 1, re-

spectively.

It is of interest that by setting c ¼ 0, corresponding to

the burning of homogeneous mixtures without fuel

spray, Eq. (28) degenerates to the result formulated by

Sivashinsky [2]. To clearly describe the fuel-spray effect

on burning characteristics of normal and inverted Bun-

sen spray flames in the following sections, it is helpful to

show the results of a homogeneous mixture first by using

Fig. 2, adopted from the previous report [17]. For s < 0

(Le < 1), a single integral curve (curve A) extends from

the negative asymptotic value at s ¼ �1 and decreases

monotonically as it approaches the symmetry axis,

eventually reaching w ¼ �1 at s ¼ 0. Therefore, as the

tip is approached (s ¼ 0), the front surface is bent out in

such a way that the propagation velocity relative to the

oncoming gas falls to zero; that is, a normal Bunsen

flame with an open tip for Le < 1 is observed. Here w
denotes the slope of the surface of the flame front. For

s > 0 (Le > 1), a cluster of integral curves emanates

from the negative asymptotic value at s ¼ þ1. Within
this family, however, there is only one curve (curve B)

corresponding to a closed-tip normal Bunsen flame for

which wð0Þ ¼ 0. By setting c ¼ 0, the integral curves of

Eq. (28), for which w approaches a positive asymptotic

value at s ¼ �1, may have an open-tip inverted Bunsen

flame (e.g. curve C), when the mixture Lewis number is

greater than unity; but a continuous inverted Bunsen

flame (e.g. curve D), when the mixture Lewis number is

less than unity [2,6].

All of the cases studied herein, listed in Table 1, are

discussed in detail in the following.
3.1. Lean ethanol-spray flame with Le > 1

The influence of c and _mm0 on the structure of normal

Bunsen flame for lean ethanol–air mixture with com-

pletely prevaporized spray are shown in Fig. 3(a). The

characteristic curve of c ¼ 0 is as expected by Sivashin-

sky�s study [2]. For Le > 1 (s > 0), the curve emanates

from the negative asymptotic value at s ¼ þ1 and in-

creases monotonically as it approaches the symmetry

axis, eventually reaching w ¼ 0 at s ¼ 0. Thus, as the tip

is approached (s ¼ 0), the slope (w) of the surface of the
flame front equals zero, corresponding to a closed-tip

normal Bunsen flame. For a fixed c and a given _mm0, since

stretch is manifested through curvature along the nor-

mal Bunsen flame surface, w increases towards the flame



Table 1

The list of all cases investigated in the study (CPM: completely prevaporized mode; PPM: partially prevaporized mode)

Flame structures Normal Bunsen flame Inverted Bunsen flame

Stretch effects Negative stretch Positive stretch

Mixture types Lean ethanol spray Rich methanol spray Lean ethanol spray Rich methanol spray

Rich ethanol spray Rich ethanol spray

Lewis number Le > 1 Le < 1 Le > 1 Le < 1

Flame shapes Closed tip Open tip Open tip Closed tip

Spray modes CPM PPM CPM PPM CPM PPM CPM PPM

Parameters c, _mm0 c, r 0i c, _mm0 c, r 0i c, _mm0 c, r 0i c, _mm0 c, r 0i
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Fig. 3. Influence of liquid loading and axial mass flux on the

structure of (a) normal and (b) inverted Bunsen flame for lean

ethanol–air mixtures.
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tip and attains its maximum at the tip for which

wð0Þ ¼ 0. The gradual decrease of s leads to a mono-

tonic increase of w and thus results in tip intensification.

On the other hand, for a fixed c ¼ 0:020, as _mm0 increases

from 1.2 to 1.4, the Le > 1 flame propagates down-

stream in order to restore the dynamic equilibrium,

thereby decreasing w.
As aforementioned, a closed-tip normal Bunsen

flame is observed for Le > 1 mixture. For droplet gas-

ification in a lean spray, the liquid fuel absorbs heat for

upstream prevaporization, produces secondary gasified

fuel for bulk gas-phase burning and results in the so-
called internal heat gain [12–17], thereby enhancing the

burning intensity of the spray flame. At any point in the

flame front, local flame velocity equals the component of

stream velocity normal to the flame front. At _mm0 ¼ 1:2,
with increasing liquid loading (c), the burning intensity

of the lean ethanol–air flame is augmented owing to

increased internal heat gain. Therefore, the flame prop-

agates upstream, leading to an increase of w at the same

radial position. When c is increased to a critical value

(c� ¼ 0:040), the flame moves further upstream and be-

comes a planar flame (corresponding to w ¼ 0) rather

than a normal Bunsen flame. Furthermore, as c > c� ¼
0:040, e.g. c ¼ 0:042, an inverted cone flame occurs be-

cause the value of w is positive. Notably, the gradual

increase of c leads to the transition of w from negative

through zero to positive, corresponding to flame tran-

sition from normal Bunsen through planar to inverted

cone flame. The parameter c� is defined as the critical

value of c at which w ¼ 0, denoting a planar flame.

For lean ethanol–air mixture with completely prev-

aporized spray, the influence of c and _mm0 on the structure

of inverted Bunsen flame are shown in Fig. 3(b). Since

the tip of inverted Bunsen flame has a convex curvature

towards the fresh mixture, it defocuses heat ahead of the

flame tip while it simultaneously has a focusing effect on

the reactant concentration upstream of the flame tip.

Local extinction of inverted Bunsen flame tips is

strongly influenced by the coupled effects of stretch and

preferential diffusion. For Le > 1 (s > 0), a single inte-

gral curve extends from the positive asymptotic value at

s ¼ þ1 and increases monotonically as it approaches

the symmetry axis, eventually reaching w ¼ þ1 at

s ¼ 0. Thus, contrary to normal Bunsen flame, as the tip

is approached (s ¼ 0), the front surface is bent out in

such a way that the propagation velocity relative to the

oncoming gas falls to zero; in other words, an inverted

Bunsen flame with an open tip for Le > 1 is observed.

Additionally, for a fixed c ¼ 0:020, as _mm0 increases from

1.2 to 1.4, the Le > 1 flame propagates downstream in

order to restore dynamic equilibrium, thereby increasing

w. It is interesting to note that the opening becomes

wider with increasing _mm0.

For a given equivalence ratio (/G) and a given _mm0, the

width of the opening decreases with increasing c because
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of additional internal heat gain that results from burning

the secondary gasified fuel. When c is increased to a

critical value (c� ¼ 0:040), the flame moves further up-

stream and becomes a planar flame (corresponding to

w ¼ 0) rather than an open-tip inverted Bunsen flame.

Furthermore, as c > c� ¼ 0:040, e.g. c ¼ 0:042, the

transition from planar flame to closed-tip normal Bun-

sen flame occurs because the value of w is negative, in-

dicating a normal Bunsen flame. Notably, the gradual

increase of c leads to the transition of w from positive

through zero to negative, corresponding to flame tran-

sition from open-tip inverted Bunsen through planar to

closed-tip normal Bunsen flame. The parameter c� is

defined as the critical value of c at which w ¼ 0, denoting

a planar flame.

Concerning partially prevaporized spray (r0i > r0c), the
influence of initial droplet size on flame characteristics is

shown in Fig. 4(a) for lean ethanol-spray normal Bunsen

flame of /G ¼ 0:8, c ¼ 0:020, Le ¼ 1:396 and _mm0 ¼ 1:2.
It is found that burning intensity decreases with in-

creasing initial droplet size or decreasing stretch (in-

creasing s). The former is due to reduction of internal

heat gain; the latter is caused by augmentation of the
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normal Bunsen flame for lean ethanol–air mixtures with (a)
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Le > 1 effect on the negatively stretched flame. A lean

spray containing larger droplets with weaker prevapor-

ization upstream of the flame results in reduced internal

heat gain and therefore a decreased burning intensity.

That is, the weakened flame propagates downstream,

leading to a decrease of w at the same radial position.

Variation of w with s and r0i for lean ethanol-spray

normal Bunsen flame with c ¼ 0:042 at _mm0 ¼ 1:2 is in-

dicated in Fig. 4(b). As shown in Fig. 4(a), at c ¼ 0:020
only closed-tip Bunsen flames are obtained. However, at

c ¼ 0:042, when r0i is reduced to a critical value (r0�i ¼ 6

lm), the flame moves further upstream and becomes a

planar flame (corresponding to w ¼ 0) rather than a

normal Bunsen flame. Furthermore, when r0i < r0�i ¼ 6

lm (partially prevaporized) or r0i 6 r0c (completely prev-

aporized), an inverted cone flame occurs because the

value of w is positive. Note that the gradual decrease of

r0i leads to transition of w from negative through zero to

positive corresponding to flame transition from normal

Bunsen through planar to inverted cone flame. The pa-

rameter r0�i is defined as the critical value of r0i at which
w ¼ 0.

The influence of initial droplet size on flame charac-

teristics is shown in Fig. 5(a) and (b) for the lean etha-
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nol-spray inverted Bunsen flame with c ¼ 0:020 and

c ¼ 0:042, respectively. As aforementioned, an inverted

Bunsen flame with an open tip is observed for Le > 1

mixture. Fig. 5(a) shows that burning intensity decreases

with increasing initial droplet size or increasing stretch.

The former results from reduction of internal heat gain,

the latter results from augmentation of the Le > 1 effect

on the inverted Bunsen flame which experiences positive

stretch. Accordingly, the lean-ethanol spray flame with a

larger r0i propagates downstream, resulting in a w in-

crease at the same radial position. Note that only tip

opening are found at a smaller liquid loading

(c ¼ 0:020), as shown in Fig. 5(a), and that the opening

becomes wider with increasing r0i . However, at a larger

liquid loading (c ¼ 0:042), Fig. 5(b) depicts that the

gradual decrease of r0i results in the transition of w from

positive through zero to negative, corresponding to

flame transition from open-tip inverted Bunsen through

planar to closed-tip normal Bunsen flame. The critical

value r0�i , at which w ¼ 0, is 6 lm as in Fig. 4(b).

The critical value c� as a function of _mm0, /G and r0�i
for lean ethanol-spray normal Bunsen flames is dis-

played in Fig. 6. For a fixed equivalence ratio (/G) with

increasing _mm0 (increasing upstream flow velocity), the

flame speed required for the occurrence of planar flame
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Fig. 6. Critical value c� as a function of (a) axial mass flux, (b)

equivalence ratio and (c) initial droplet size for normal and

inverted lean ethanol–air Bunsen flame.
is larger. A lean ethanol-spray containing a larger c has a
strengthened burning intensity owing to additional in-

ternal heat gain from burning secondary gasified fuel.

Therefore, the c� value increases with increasing _mm0, as

shown in Fig. 6(a). Decrease of /G, corresponding to

reduced burning intensity of the lean ethanol-spray

flame, results in the decrease of cone angle (the decrease

of w). Hence, for a constant _mm0 ¼ 1:2, the c� value in-

creases with decreasing /G, as shown in Fig. 6(b).

The critical value r0�i as a function of c� for a fixed

equivalence ratio (/G ¼ 0:8) and a constant _mm0 ¼ 1:2 is

shown in Fig. 6(c). A lean ethanol-spray flame con-

taining a larger c or a smaller droplet size has an in-

tensified burning intensity due to additional internal

heat gain from burning secondary gasified fuel. With

increasing c� (increasing burning intensity), the flame

propagates further upstream. Therefore, the critical

initial droplet (r0�i ) required for the occurrence of planar

flame is increased. In other words, a lean ethanol-spray

containing larger droplets with weaker prevaporization

upstream of the flame results in reduced internal heat

gain, and therefore has a weakened burning intensity.

Accordingly, the c� value required for the occurrence of

transition from normal Bunsen flame to planar flame

increases with r0�i .
Note that Fig. 6 is not only valid for normal Bunsen

flames but also for inverted Bunsen flames. Contrary to

lean ethanol-spray normal Bunsen flame, for lean etha-

nol-spray inverted Bunsen flame with Le > 1, when liq-

uid loading is large enough and initial droplet size is

sufficiently small, there exists flame transition from

open-tip inverted Bunsen through planar to closed-tip

normal Bunsen flame. The critical value of liquid-fuel

loading, at which there exists a planar flame rather than

an inverted Bunsen flame, increases with increasing ini-

tial droplet size, increasing upstream flow velocity, or

decreasing equivalence ratio.

3.2. Rich ethanol-spray flame with Le > 1

Fig. 7(a) demonstrates the influence of c and _mm0 on

the structure of normal Bunsen flame tip for rich etha-

nol–air flame (/G ¼ 1:4 and Le ¼ 1:248) under com-

pletely prevaporized conditions. As in the above

discussion, a closed-tip normal Bunsen flame is observed

for Le > 1 mixture. Contrary to the lean spray, the liq-

uid fuel absorbs heat for upstream prevaporization,

producing secondary gasified fuel, but there is no oxygen

for these fuel vapors to combust in a rich spray ac-

cording to the assumption that the fuel and oxidizer

reaction for the bulk premixed flame is one-step overall.

Accordingly, the secondary gasified fuel makes no con-

tribution to burning for the rich spray, resulting in

overall internal heat loss [12–17] associated with droplet

gasification process, and consequently weakening the

burning intensity. Therefore, in order to restore dynamic
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equilibrium, the weakened flame with a larger c (a larger

amount of internal heat loss) moves downstream, re-

sulting in decrease of w. At c ¼ 0:1, increasing _mm0 (from

1.2 through 1.4 to 1.5) makes the flame move down-

stream, indicating a decrease of w.
Variation of w with s and r0i for a rich ethanol-spray

normal Bunsen flame with a c ¼ 0:5 liquid-fuel loading

at _mm0 ¼ 1:2 under partially prevaporized conditions is

indicated in Fig. 7(b). A rich spray containing larger

droplets with weaker prevaporization upstream of the

flame results in reduced internal heat loss and therefore

an intensified burning intensity. Hence, the flame prop-

agates upstream, leading to an increase of w at the same

radial position. Notably, burning intensity of rich eth-

anol-spray flame is intensified with decreasing c (Fig. 7a)
or increasing r0i (Fig. 7b). On the other hand, w increases

with increasing stretch (decreasing s), caused by the

augmentation of the Le > 1 effect on the negatively

stretched flame.

Fig. 8(a) shows the influence of c and _mm0 on the

structure of inverted Bunsen flame tip for rich ethanol–

air flame (/G ¼ 1:4 and Le ¼ 1:248) under completely

prevaporized conditions. It is well known that open-tip
solutions should be obtained for Le > 1 inverted Bunsen

flame. For a given _mmo, the burning intensity decreases (w
increases) with increasing c or decreasing s (increasing

stretch). For fixed c, an increase of _mm0 leads to increasing

w since the flame shifts further downstream to restore

dynamic equilibrium. Fig. 8(b) displays the influence of

r0i on the structure of inverted Bunsen flame tip for rich

ethanol-spray flame at _mm0 ¼ 1:2 under partially preva-

porized conditions. A rich spray containing smaller

droplets with stronger prevaporization upstream of the

flame results in increased internal heat loss and therefore

a decreased burning intensity (an increased w). It is seen
that tip opening becomes wider when the liquid loading

(c) or upstream flow velocity ( _mm0) increases (Fig. 8a), or

initial droplet size (r0i ) decreases (Fig. 8b).

3.3. Rich methanol-spray flame with Le < 1

Only the rich methanol-spray flame is discussed here

because both lean methanol- and ethanol-spray flames

(Le > 1) have similar flame behavior. Fig. 9(a) shows the

influence of c and _mm0 on the structure of normal Bunsen

flame for rich methanol–air mixtures (/G ¼ 1:4 and
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Le ¼ 0:971) under completely prevaporized conditions.

For Le < 1 (s < 0), a single integral curve for c ¼ 0 ex-

tends from the negative asymptotic value at s ¼ �1 and

decreases monotonically as it approaches the symmetry

axis, eventually reaching w ¼ �1 at s ¼ 0. Thus, as the

tip is approached (s ¼ 0), the front surface is bent out in

such a way that the propagation velocity relative to the

oncoming gas falls to zero. In other words, contrary to

the rich ethanol-spray normal Bunsen flame (Le > 1)

with a closed tip, a rich methanol-spray normal Bunsen

flame (Le < 1) with an open tip is observed. However,

similar to the rich ethanol-spray, the secondary gasified

fuel makes no contribution to burning for a rich meth-

anol-spray, thus resulting in overall internal heat loss

and subsequently weakening burning intensity of the

flame. Therefore, the rich methanol-spray flame (Le < 1)

has a decreased burning intensity (or a diminished w)
when the liquid loading (c) increases. Moreover, w de-

creases with increasing stretch (increasing s), caused by

augmentation of the Le < 1 effect on the negatively

stretched flame.

Variation of w with s and r0i at c ¼ 0:5 and _mm0 ¼ 1:2
for rich methanol-spray normal Bunsen flame under
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partially prevaporized conditions is indicated in Fig.

9(b). It is found that with increasing r0i , the characteristic
curve for partially prevaporized spray deviates from

completely prevaporized spray (r0i 6 r0c) and approaches

that for a homogeneous mixture (c ¼ 0). This phenom-

enon illustrates that w increases with increasing initial

droplet size due to reduction of internal heat loss. In

addition, burning intensity decreases when rich spray

contains smaller initial droplet size, so that the normal

Bunsen flame has a wider open tip. Notably, for rich

methanol-spray normal Bunsen flame with Le < 1, tip

opening becomes wider when c or _mm0 increases (Fig. 9a),

or r0i decreases (Fig. 9b).
Fig. 10(a) shows the influence of c and _mm0 on the

structure of inverted Bunsen flame tip for rich methanol–

air flame (/G ¼ 1:4 and Le ¼ 0:971) under completely

prevaporized conditions. It is seen that closed-tip solu-

tions are obtained for Le < 1 inverted Bunsen flame. For

a given _mm0, burning intensity decreases (w increases) with

increasing c or decreasing s (decreasing stretch). For a

fixed c, increase of _mm0 leads to increasing w since the flame

shifts further downstream to restore dynamic equilib-

rium. Fig. 10(b) illustrates the influence of r0i on the
Shapes

-6 -4 -2 0
τ

0.0

0.4

0.8

1.2

1.6

2.0

ψ

0.0

0.4

0.8

1.2

1.6

2.0

2.4

ψ

CH3OH/Air/CH3OH Spray
φG=1.4, Le=0.971

< rc'
8
14

γ=0.5, ri'(µm)

γ =0

Inverted Bunsen Flames

γ 0.0 0.1 0.2 0.1 0.1
1.2 1.2 1.2 1.4 1.5m0

ri'< rc'

(a)

(b)

Shapes

Fig. 10. Influence of (a) liquid loading and axial mass flux, (b)

initial droplet size on the structure of inverted Bunsen flame for

rich methanol–air mixtures.



5084 S.-S. Hou, J.-C. Lin / International Journal of Heat and Mass Transfer 46 (2003) 5073–5085
structure of inverted Bunsen flame tip for rich methanol-

spray flame (/G ¼ 1:4, Le ¼ 0:971 and _mm0 ¼ 1:2). A rich

spray containing larger droplets with weaker prevapor-

ization upstream of the flame results in reduced internal

heat loss, and therefore an intensified burning intensity.

Hence, the strengthened flame propagates further up-

stream, corresponding to w decrease. Note that burning

intensity becomes stronger when c decreases (Fig. 10a), or
r0i increases (Fig. 10b) for rich spray flame.
4. Conclusions

A theory of stretched premixed flame with combus-

tible spray was further developed using activation en-

ergy asymptotics to explore the influence of droplet size,

liquid-fuel loading, flame stretch and Lewis number on

the structure of normal and inverted Bunsen flame tips.

The results are summarized as follows:

1. For lean and rich ethanol-spray flames with

Le > 1, closed-tip solutions for a normal Bunsen flame

and open-tip solutions for an inverted Bunsen flame can

be obtained. Conversely, for rich methanol-spray flames

(Le < 1), there are two possible configurations, a normal

Bunsen flame with an open tip and a continuous in-

verted Bunsen flame with a closed tip.

2. Internal heat transfer embedded in lean (or rich)

spray results in overall internal heat gain (or heat loss)

for the system. Therefore, the burning intensity of lean

(or rich) spray flame increases (or decreases) with de-

creasing initial droplet size or increasing liquid loading.

3. Considering the lean ethanol-spray normal Bunsen

flame with Le > 1, burning intensity enhancement by the

negative stretch can be further increased when the spray

contains increased liquid-fuel loading or decreased ini-

tial droplet size. However, if liquid-fuel loading is large

enough, the gradual decrease in initial droplet size leads

to flame transition from closed-tip normal Bunsen

through planar to closed-tip inverted cone flame. The

critical value of liquid-fuel loading, at which there exists

a planar flame rather than a normal Bunsen flame, in-

creases with increasing initial droplet size or upstream

flow velocity, or decreasing equivalence ratio.

4. Contrary to lean ethanol-spray normal Bunsen

flame, for lean ethanol-spray inverted Bunsen flame with

Le > 1, when liquid loading is large enough and initial

droplet size is sufficiently small, there exists flame tran-

sition from open-tip inverted Bunsen through planar to

closed-tip normal Bunsen flame. Moreover, the critical

value of liquid-fuel loading, at which there exists a pla-

nar flame rather than an inverted Bunsen flame, in-

creases with increasing initial droplet size or upstream

flow velocity, or decreasing equivalence ratio.

5. Stretch weakens burning intensity of lean (or rich)

ethanol-spray inverted Bunsen flame with Le > 1 and
eventually leads to tip opening, i.e., flame extinction.

The burning intensity of lean (or rich) ethanol-spray

inverted Bunsen flame decreases (or increases) with in-

creasing initial droplet size or decreasing liquid loading.

Note that the tip opening of lean (or rich) ethanol-spray

inverted Bunsen flame becomes wider (or narrower) with

increasing initial droplet size, increasing (or decreasing)

upstream flow velocity, or decreasing liquid loading.

6. The burning intensity of rich methanol-spray in-

verted Bunsen flame with a closed tip decreases when

droplet size decreases or liquid-fuel loading increases.

Moreover, the opening of rich methanol-spray normal

Bunsen flame tip widens with decreasing initial droplet

size, or increasing liquid-fuel loading or upstream flow

velocity. Note that flame transition from normal (or

inverted) Bunsen through planar to inverted cone (or

normal Bunsen) flame does not occur for the rich

methanol-spray flame with Le < 1.
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