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Abstract

The influences of flow stretch, preferential diffusion, internal heat transfer and external heat loss on the extinction of

dilute spray flames propagating in a stagnation-point flow are analyzed using activation energy asymptotics. A com-

pletely prevaporized mode and a partially prevaporized mode of flame propagation are identified. The internal heat

transfer, associated with the liquid fuel loading and the initial droplet size of the spray, provides heat loss for rich sprays

but heat gain for lean sprays. The flow stretch respectively weakens and intensifies the burning intensity of the lean

methanol-spray flame ðLe > 1Þ and rich methanol-spray flame ðLe < 1Þ. Results show that the Le > 1 flame can be

extinguished with or without external heat loss. Flame extinction characterized by a C-shaped curve is dominated by the

external heat loss or the flow stretch. For the Le < 1 flame without external heat loss, no extinction occurs under the

influence of flow stretch. However, the Le < 1 flame with completely prevaporized fuel sprays enduring a small amount

of flow stretch can be extinguished by the external heat loss and this behavior is characterized by a C-shaped curve.

Note that the W-shaped extinction curve is mainly governed by the internal heat loss. Flame extinction characterized by

a W-shaped curve occurs when the Le < 1 spray flame with external heat loss endures a positive stretch and experiences

a partially prevaporized spray with sufficiently large liquid fuel loading and droplet size.

� 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Heat loss is recognized as an extremely important

parameter in causing flame extinction. It is well known

that a homogeneous laminar premixed flame influenced

by external heat loss can be adequately described by a C-

shaped extinction curve (a double-valued function) [1–

3]. The upper branch of the C-shaped curve shows the

stable solutions. It indicates that heat loss decreases the

flame velocity and eventually results in flame extinction,

identified by the turning point. The lower branch rep-

resents the opposite trend, and is generally believed to be

unstable. In addition to heat loss, stretch is a very sig-

nificant factor affecting flame behavior. The flame in a

divergent stagnation-point flow endures a positive

stretch, which weakens or strengthens the burning in-

tensity depending on whether the mixture Lewis number

is greater or smaller than one [4–7]. Here the Lewis

number is defined as the ratio of thermal-to-mass dif-

fusivities of the deficient reactant in the mixture. Flame

extinction influenced by stretch is also characterized by a

C-shaped extinction curve. Regardless of incomplete

reaction and downstream heat loss through the wall, a

sufficiently large stretch can result in extinction for

Le > 1 flame, while no extinction occurs for Le < 1

flame.

From those studies introduced above, it is clear that

flame quenching can be achieved by either external

heat loss [1–3] or flow stretch [4–7]. The extinction of
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homogeneous premixed flames under the influence of a

dispersed phase was first reported by Mitani [8] using

asymptotic techniques. The application of inert spray [8]

or fuel spray [9] effects produced so-called virtual (or

internal) heat loss, which is associated with the gasifi-

cation process of the dispersed phase, and thus led to the

S-shaped extinction curve (a triple-valued function) ra-

ther than the C-shaped extinction curve. Furthermore,

the extinction of a dilute spray flame experiencing ex-

ternal heat transfer, designated by the bulk heat con-

duction from the system to the surrounding, has been

widely analyzed in one-dimensional models [10–12]. It

was concluded that flame quenching is mainly controlled

by the external heat loss and is only slightly modified by

the internal heat loss associated with the spray effect.

However, in these theoretical studies [10–12] the effects

of flow stretch and preferential diffusion on the flame

extinction of dilute sprays were not examined.

Subsequently, Liu et al. [13] have analyzed the in-

fluences of water sprays on the extinction of a methane–

air premixed flame propagating in a stagnation-point

flow (a two-dimensional model) by using activation en-

ergy asymptotics. It was found that flame extinction of

the Le < 1 flame by the inert spray is characterized by an

Nomenclature

Dimensional quantities

A0 cross sectional area of the stream

B0 preexponential factor

C0
PG specific heat of the gaseous mixture

C0
PL specific heat of the liquid

D0 mass diffusion coefficient

E0
a activation energy

L0 separation distance (Fig. 1)

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

n0 number density

Q0 heat of combustion per unit mass of gaseous

fueleRR universal gas constant

r0 droplet radius

S0
L one-dimensional adiabatic flame speed

Nondimensional quantities

A Eq. (9)

C parameter governed by Eq. (29)

hLG latent heat of vaporization, h0LG=ðC0
PGT

0
i Þ

Le Lewis number, k0=ðq0
GC

0
PGD

0
jÞ

_mm axial mass flux, i.e., burning rate ðquÞ;
q0u0=ðq0

iS
0
LÞ

P pressure, P 0=P 0
i

Pr Prandtl number

Q heat combustion of fuel, Q0=ðC0
PGT

0
i Þ

qd external heat loss, q0d=ðC0
PGT

0
i Þ

T temperature, T 0=T 0
i

Ta activation temperature, E0
a=ðeRRT 0

i Þ
Tad adiabatic flame temperature, T 0

ad=T
0
i

U axial velocity at the burner exit, u0i=S
0
L

u, v axial and radial velocities, u ¼ u0=S0
L,

v ¼ v0=S0
L

W Eq. (10)

x, y axial and radial coordinates, x ¼ x0=L0,

y ¼ y0=L0

Y mass fraction, YF ¼ Y 0
F, YO ¼ Y 0

O=r

z density ratio, q0
G=q

0

Greek symbols

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

b mass fraction perturbation in the reaction

zone

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

0

e small expansion parameter, T 0
ad
eRR=E0

a

g stretch variable of the reaction zone, n=e
h temperature perturbation in the reaction

zone

k0 thermal conductivity

n stretch variable for the diffusion zone,

ðxf � xÞ=d
q0 density

r stoichiometric ratio

U equivalence ratio

Superscripts

þ downstream near the flame
0 dimensional quantities

Subscripts

b boiling state

c droplet size for completing vaporization just

at the flame front

e state at which droplet is completely gasified

E flame extinction

f flame front

F, O fuel and oxygen

G, L gas and liquid phases

i state at the exit plane of the burner

j j ¼ F or O

k k ¼ F or O in lean and rich mixtures, re-

spectively

s spray

w state at wall

0, 1 zeroth- and first-order solutions
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S-shaped curve. Conversely, the Le > 1 flame strongly

influenced by flow stretch can be extinguished with or

without the participation of the inert spray. Unfortu-

nately, this study did not include the intensified effect of

fuel sprays that provide the internal heat gain from the

secondary gasified fuel produced by the droplet gasifi-

cation process under lean-spray conditions [14,15].

Moreover, the interaction between internal heat transfer

and external heat loss on stretched spray flames with

nonunity Lewis number is of great importance but has

not been examined yet.

The objective of this study is to investigate the ex-

tinction characteristics under the influences of Lewis

number, flow stretch, internal heat transfer and external

heat loss. We consider a steady, planar, premixed flame

generated in a stagnation-point, two-phase flow in which

the dispersed phase is simulated by a monodisperse,

dilute and chemically reactive spray. An extinction the-

ory has been formulated on positively stretched spray

flames with nonunity Lewis number in a nonconserved

system in which the initial gas-phase composition is

maintained the same, but the liquid fuel loading is sys-

tematically varied. Therefore, the influence of liquid fuel

will be independently explored. The heat transfer

mechanism is composed of internal and external heat

transfer. Here the internal heat transfer, associated with

droplet gasification, is a function of the liquid fuel

loading and droplet size. The external heat loss is as-

sumed to exist in the downstream region of the premixed

flame. The analysis is restricted to dilute sprays, i.e., the

amount of liquid fuel loading in the fresh mixture is so

small that expansion in perturbation analysis can be

performed.

2. Formulation

The schematic of the stagnation-point configuration

is shown in Fig. 1 in which a two-phase premixture of

gaseous fuel, air and liquid fuel droplets impinges onto

an impermeable wall. The flow velocity at the exit plane

of the burner is assumed to be uniform and is designated

by a nondimensional value, U. The cylindrical coordi-

nates ðx; yÞ with the origin at the center of the wall are

nondimensionalized by the separation distance ðL0Þ be-

tween the burner and the wall. The axial locations of the

burner exit and the premixed flame are respectively de-

noted by 1 and xf . A completely prevaporized mode

ðr0i 6 r0cÞ and a partially prevaporized mode ðr0i > r0cÞ are
identified by a critical initial droplet size ðr0cÞ for the

droplet to achieve complete evaporation at the premixed

flame front. The droplet starts to evaporate only when

the gas temperature has reached the boiling point of the

liquid. Droplets then ignite upon acrossing the flame,

and vanish at x ¼ xe upon complete combustion for lean

sprays or complete evaporation for rich sprays.

Based on large activation energy asymptotics, a small

parameter d ¼ ‘0D=L
0 � 1 is assumed, where ‘0D ¼ k0=

ðq0
GiC

0
PGS

0
LÞ indicates the thickness of the diffusion zone.

Note that k0 is the thermal conductivity, C0
PG is the

specific heat at constant pressure, q0
Gi is the density of

fresh gas at the burner exit and S0
L is the one-dimensional

adiabatic laminar flame speed of a premixed flame.

According to the fast chemical reaction, a thinner re-

action zone is assumed to be embedded within the dif-

fusion zone, as shown in Fig. 1. Since the spray is dilute

and monodisperse, the amount of liquid loading is as-

sumed to be OðeÞ of the total mixture mass. Here the

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

energy to large activation energy in the combustion

process. In the analysis, small parameters d and e are

assumed to be of the same order for the matching of the

reaction zone [14]. To illustrate the external heat loss in

the problem, we assume that the external heat loss being

of OðdÞ occurs only in the downstream region of the

flame. Additionally, moderate rates of flow stretch al-

lowing the flame to sit outside the viscous boundary

layer are considered. Finally, the following assumptions

are made that the fuel and oxidizer reaction for the bulk

premixed flame is one-step overall, that the droplet

gasification follows the d2-law, and that constant prop-

erty simplifications apply. More detailed assumptions

and comments can be found in earlier studies [13,14].

For a given stream tube of axisymmetrical stagna-

tion-point flow, the total number of droplets crossing

any plane normal to the central axis per second is set to

be constant,

n0u0A0 ¼ n0iu
0
iA

0
i; ð1Þ

Fig. 1. Schematic diagram of a premixed flame propagating in

a stagnation-point flow under the influence of combustible

sprays.
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where A0 is the cross sectional area of the stream tube, n0

is the number density and u0 is the axial velocity. Fol-

lowing Williams [17], the extent of gas-phase hetero-

geneity is denoted by the variable z ¼ q0
G=q

0 such that

z ¼ 1 represents the completely vaporized state, where q0

is the overall density of the two-phase mixture,

q0 ¼ q0
G þ q0

S. Note that q0
S ¼ 4=3pðr0iÞ

3n0q0
L shows the

spray density. In the formulation, variables are non-

dimensionalized by their values at the exit plane of the

burner, except that the characteristic velocity for non-

dimensionalization is S0
L such that U ¼ u0=S0

L. Quantities

with and without primes are dimensional and non-

dimensional, respectively.

Hence, the nondimensional equations for overall

continuity, gas-phase continuity, conservations of fuel,

oxidizer, energy, and momentum are, respectively, given

by

o

ox
ðquÞ þ 1

y
o

oy
ðyqvÞ ¼ 0; ð2Þ

o

ox
ðqzuÞ þ 1

y
o

oy
ðyqzvÞ ¼ d�1Að1� zÞ1=3ð1� ziÞ2=3

� F ðT ; YOÞ=ðzT Þ; ð3Þ

o

ox
ðqzuYjÞ þ

1

y
o

oy
ðyqzvYjÞ � dLe�1

j

o2Yj

ox2

�
þ 1

y
o

oy
y
oYj

oy

� ��

¼ d�1W þ fj
o

ox
ðqzuÞ

�
þ 1

y
o

oy
ðyqzvÞ

�
; j ¼ F;O;

ð4Þ

o

ox
ðqzuT Þ þ 1

y
o

oy
ðyqzvT Þ � d

o2T
ox2

�
þ 1

y
o

oy
y
oT
oy

� ��
¼ �d�1WQþ fT

o

ox
ðqzuÞ

�
þ 1

y
o

oy
ðyqzvÞ

�
� dqdHðxÞ; ð5Þ

q u
ou
ox

�
þ v

ou
oy

�
¼ �P

oP
ox

þ dPr
o2u
ox2

�
þ 1

y
o

oy
y
ou
oy

� ��
;

ð6Þ

q u
ov
ox

�
þ v

ov
oy

�
¼ �P

oP
oy

þ dPr
o2v
ox2

�
þ o

oy
1

y
o

oy
ðyvÞ

� ��
;

ð7Þ

where

P ¼ P 0
i =½q0

iðS0
LÞ

2
; ð8Þ

A ¼ 3‘0D
2P 0 eMM 0=½T 0

i q
0
L
eRRðr0iÞ2
; ð9Þ

W ¼ �ðB0r= eMM 0
OÞðP 0 eMM 0=eRRÞ2 k0

.
C0

PGðq0
iS

�
LÞ

2
h in o

YFYO

� expð�Ta=T Þ: ð10Þ

and

HðxÞ ¼ 1; xe 6 x6 xf
0; x > xf or x < xe:

�
ð11Þ

In the above equations, Q ¼ Q0=ðC0
PGT

0
i Þ represents the

heat of combustion per unit mass of gaseous fuel and

hLG ¼ h0LG=ðC0
PGT

0
i Þ shows the latent heat of vaporization

for the liquid fuel. In Eqs. (3)–(5), F ðT ; YOÞ, fF, fO, and fT
are given by ln½1þ ðT � TbÞ=hLG
, 1, 0, and �hLG for the

vaporizing droplet and ln½1þ ðT � Tb þ YOQÞ=hLG
, 0,
)1, and ðQ� hLGÞ for the burning droplet, respectively.

Finally, the ideal gas equation and the conservation of

mass flux for the axisymmetric stream tube are applied

to the derivation of the gas-phase continuity.

The boundary conditions at the burner exit, x ¼ 1,

are specified as u ¼ U , v ¼ 0, p ¼ pi, Yj ¼ Yji, T ¼ Ti, and

z ¼ zi. Since the premixed flame always stays outside of

the viscous boundary layer which provides an Oðd1=2Þ
thick displacement for the outer flow, the boundary

conditions at x ¼ 0 can be adequately given by u ¼ 0,

z ¼ 1, Yj ¼ Yjw, and T ¼ Tw. The problem will be sepa-

rately analyzed by the following three regions, namely

the diffusion zone, the reaction zone and the outer hy-

drodynamic zone. Based on the assumption that d and e
are of the same order, the stretched variables are given

by n ¼ ðxf � xÞ=d for the diffusion zone and g ¼ n=e for
the reaction zone.

3. The diffusion zone

In the diffusion zone, the dependent variables are

expanded with respect to the small parameter of d as

T ¼ T0 þ dT1 þOðd2Þ;
Yj ¼ Yj0 þ dYj1 þOðd2Þ; j ¼ F;O;

u ¼ u0 þ du1 þOðd2Þ;
v ¼ v0 þ dv1 þOðd2Þ;
q ¼ q0 þ dq1 þOðd2Þ

ð12Þ

In order to satisfy the flame structure, z is also ex-

panded as

z ¼ 1� dcz0 þOðd2Þ ð13Þ
such that zi ¼ 1� dc for a dilute spray. The liquid

loading is represented by the parameter c. A larger value

of c means that the dilute spray has a larger amount of

liquid fuel. Substituting Eq. (12) into Eqs. (2), (4) and

(5), and then expanding yields

o

on
ðq0u0Þ ¼

o

on
ð _mm0Þ ¼ 0;

_mm0

oYj0

on
� 1

Lej

o2Yj0

on2
¼ 0; j ¼ F;O; ð14Þ

_mm0

oT0
on

� o2T0
on2

¼ 0;

314 S.-S. Hou / International Journal of Heat and Mass Transfer 46 (2003) 311–322



from which the zeroth order solutions are readily de-

termined to be

Yj0 ¼
Yj;i � Yk;ie

_mm0Lejn; j ¼ F;O; n < 0

Yj;i � Yk;i n > 0;

�
ð15Þ

and

T0 ¼
1þ ðTad � 1Þe _mm0n; n < 0

Tad n > 0;

�
ð16Þ

where k ¼ F and k ¼ O for lean and rich mixtures, re-

spectively. _mm0 is a constant and denotes the axial mass

flux (burning rate) normalized by the adiabatic premixed

value, q0
iS

0
L.

Using Eqs. (13) and (16), we obtain

z0ðnÞ ¼

1� 2A
3 _mm0

R n
nv

1þ ðTad � 1Þe _mm0n
h i�1

�
� ln 1þ ð1�TbÞþðTad�1Þe _mm0n

hLG

h i
dn

3=2

; n < 0;

z0ð0Þ2=3 � f2A ln½1þ ðTad � Tb
þ aQYjwÞ=hLG
=ð3 _mm0TadÞgn; n > 0;

8>>>>>>>><>>>>>>>>:
ð17Þ

from Eq. (3), while the position ðnvÞ for the initiation of

droplet evaporation is given by

nv ¼
1

_mm0

ln
Tb � 1

Tad � 1

� �
: ð18Þ

4. The reaction zone

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

solution is expanded around the flame-sheet limit as

T ¼ Tad þ eTadh þOðe2Þ;
Yj ¼ Yjf þ ebj þOðe2Þ; j ¼ F;O;

ð19Þ

to result in

Le�1
j

d2bj

d2g2
¼ �Tad

d2h
dg2

¼ K
2
Q

Tad
Ta

� �
ðYFf þ ebFÞðYOf þ ebOÞ exp h;

ð20Þ

where

K ¼ 2
Tad
Ta

� �
B0reMM 0

O

 !
p0 eMM 0eRR

 !2

k0

C0
PGðq0

iS
0
LÞ

2

" #

� exp

�
� Ta

Tad

�
ð21Þ

is the flame speed eigenvalue. By using the local Shvab–

Zeldovish formulation and the matching conditions at

g ! �1 [16], we have

_mm2
0 ¼ exp½T1ð0þÞ=Tad
 ð22Þ

in which the first-order temperature, T1ð0þÞ, denotes the
OðdÞ downstream temperature perturbation at the flame.

Eq. (22) shows that the burning rate ð _mm0Þ is affected

exponentially by the first-order temperature downstream

near the flame. Adding Eq. (4) and (5), and then inte-

grating it from n ¼ �1 to n ¼ 0þ leads to

T1ð0þÞ ¼ cD� K
_mm2
0

� qd
_mm2
0

ð23Þ

in which C ¼ QYji

R 1

0
½1� ~xxðLej�1Þ
=ð1þ ~xxQYjiÞd ~xx repre-

sents the Lewis number effect, and K ¼ ð1=yÞðo=oyÞðyvÞ
shows the flow stretch. The spray effect including the

liquid fuel loading and the initial droplet size comes

from cD in Eq. (23), where

D ¼ Tb

�
� C0

PL

C0
PG

ðTb � 1Þ
�
� ðTad þ hLG � a � QÞ

� 1

�
� _mm0

Z ne

0

z0e�
_mm0n dn

�
ð24Þ

and

ne ¼ z0ð0Þ2=3=f2A ln½1þ ðTad � Tb þ aQYjwÞ=hLG
=ð3 _mm0TadÞg;
ð25Þ

showing the vaporized state. In addition, qd denotes the

effect of downstream external heat loss. Here, a ¼ 1 and

a ¼ 0 for lean and rich sprays, respectively. The liquid

fuel loading is represented by c through the expansion of

zi ¼ 1� dc [14]. For the case of completely prevaporized

sprays, Eq. (24) is simplified to be

D ¼ Tb

�
� C0

PL

C0
PG

ðTb � 1Þ
�
� ðTad þ hLG � a � QÞ ð26Þ

indicating that there is no contribution on T1ð0þÞ com-

ing from the droplet size.

5. The hydrodynamic zone

The flow stretch, shown in Eq. (23), and the flame

position will be determined by solving the flow field of

the outer hydrodynamic zone. Since the flame sits out-

side of the boundary layer and d ! 0, we neglect the

flow viscosity and only consider the zeroth-order solu-

tions that are governed by Eqs. (2), (6) and (7) with

boundary conditions being uð1Þ ¼ �U , uð0Þ ¼ vð1Þ ¼ 0.

The flow density on either side of the flame is given by

q ¼ 1 x > xf
qw ¼ q0

w=q
0
i x < xf :

�
ð27Þ
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Since the spray effect is being OðeÞ, jump conditions for

the leading order across the flame follow the Rankine–

Hugoniot relations [3].

The governing equations admit a self-similar solution

of the form

u ¼ 2F ðxÞ and v ¼ �y
d

dx
F ðxÞ: ð28Þ

Following the standard procedure used in Kim and

Matalon [4] and Tien and Matalon [18], the flow field of

the unburnt side of the flame can be found as

u ¼ Cðx� 1Þ2 þ Uðx� 2Þx;
v ¼ � yðC þ UÞðx� 1Þ;

ð29Þ

where C is a parameter determined by the following

equation,

1

2
qwðxf � 1Þ2 ðxf � 1Þ

qw

�
� xf

�2
ðC þ UÞ2

þ 1

2
UðC þ UÞ xfðxf

"
� 2Þ � 2

ðxf � 1Þ2

qw

#

þ 1

2

U 2

qw

¼ 0: ð30Þ

For the flow stretch, we find

1

y
o

oy
ðyvÞ ¼ �2ðC þ UÞðx� 1Þ; x > xf : ð31Þ

Since _mm0 ¼ 1uðxfÞ near the upstream side of the flame,

the flame position should be finally identified by the

coupling of Eqs. (21), (23), (29), (30) and (31).

Sample calculations based on Eqs. (22)–(26) and

(29)–(31) on _mm0 and xf for methanol burning in air are

now considered in a nonconserved manner in which the

initial gas-phase composition is fixed, i.e., UG is main-

tained constant, but the liquid fuel loading is systemat-

ically varied. Therefore, the influences of liquid fuel will

be independently explored without the participation of

the leaning effect from the gas-phase mixture. The in-

fluences of flow stretch, preferential diffusion and ex-

ternal heat loss on dilute spray flames in the problem

will be assessed based on five parameters, namely the

initial droplet radius ðr0iÞ, the liquid fuel loading ðcÞ, the
flow stretch ðKÞ, the external heat loss ðqdÞ and Lewis

number (Le). Here r0i and c show the internal heat

transfer (heat gain or heat loss) for the fuel spray. We

use U instead of K as a variable to represent flow stretch

in the problem because there is a linear relationship

between U and K [13]. Lewis number is defined as

k0=ðq0
GC

0
PGD

0
jÞ in which the diffusion coefficient of the

deficient reactant in the mixture is used. Methanol-air

premixture of UG ¼ 0:8 ðLe ¼ 1:0371Þ and UG ¼ 1:5
ðLe ¼ 0:9477Þ are adopted to illustrate the influence of

nonunity Lewis number.

6. Lean spray flames with Le > 1

Fig. 2 shows the burning rate ð _mm0Þ and the flame

position ðxfÞ of lean methanol-spray flames as a function

of U and c for qd ¼ 0:00 and 0.02 under completely

prevaporized conditions ðr0i 6 r0cÞ in which no liquid

droplet exists downstream of the flame. The upper and

lower branches of the C-shaped extinction curves re-

spectively denote the stable and unstable solutions. The

extinction point, identified by the critical point (repre-

sented by the symbol �) in connecting the upper and

lower branches demonstrates that a sufficiently large

flow stretch leads to flame extinction. For the cases of

qd ¼ 0:00 (adiabatic) and qd ¼ 0:02 (nonadiabatic), for a

given c, the increase in U first leads to decreases in both

_mm0 and xf . This indicates that a weakened flame sits

closer to the stagnation plane and suffers a larger flow

stretch, and finally reaches flame extinction when the

flow stretch is sufficiently large. This characteristic

mainly shows the suppression of burning intensity by

flow stretch for a Le > 1 flame. For a given qd, the lean

spray flame with a larger c, which provides additional

internal heat gain resulted from burning the secondary

gasified fuel, will be extinguished at a larger flow stretch,

as shown in Fig. 2. For a given c, a lean spray flame with

external heat loss ðqd ¼ 0:02Þ will be extinguished at a

smaller flow stretch than one without external heat loss

ðqd ¼ 0:00Þ, as illustrated in Fig. 2. Since both the flow

stretch and the external heat loss have negative effects on

the Le > 1 flame, it is understood that the extinction of a

lean spray flame with Le > 1 is mainly governed by the

flow stretch or the external heat loss, and is modified by

Fig. 2. Variations of _mm0 and xf with U and c for lean spray

flames with qd ¼ 0:00 and 0.02 under completely prevaporized

conditions ðr0i 6 r0cÞ.
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the internal heat gain associated with burning the sec-

ondary gasified fuel.

Considering the partially prevaporized sprays ðr0i >
r0cÞ, the influence of the initial droplet size on flame

characteristics is shown in Fig. 3 for a lean methanol-

spray flame of UG ¼ 0:8, c ¼ 0:02, and Le ¼ 1:0371 with

qd ¼ 0:00 and 0.02. Fig. 3 depicts that for both qd ¼ 0:00
and 0.02, with increasing initial droplet size, the upper

branch of the curve corresponding to the stable solution

for a partially prevaporized spray first deviates from that

for the completely prevaporized spray ðr0i 6 r0cÞ, and ap-

proaches that for a homogeneous mixture ðc ¼ 0Þ. In
other words, the burning rate decreases with increasing

initial droplet size (due to the reduction of internal heat

gain) or flow stretch (caused by the augmentation of the

Le > 1 effect). Concerning the droplet gasification pro-

cess for a lean spray, the liquid fuel absorbs heat for

upstream prevaporization, produces the secondary gas-

ified fuel for bulk gas-phase burning, burns through

droplet combustion afterwards, and finally leads to in-

ternal heat gain. A lean spray containing larger droplets

goes through a weaker upstream prevaporization, pro-

duces a smaller amount of internal heat gain, and

thereby has a decreased burning intensity. Accordingly,

it can be extinguished by a smaller flow stretch. More-

over, the extent of extinction point for a lean partially

prevaporized spray with Le > 1 is widened when droplet

size or external heat loss decreases.

Fig. 4(a) shows the burning rate ð _mm0Þ of lean meth-

anol-spray flames as a function of qd and c at U ¼ 2 for

completely prevaporized conditions ðr0i 6 r0cÞ; while Fig.

4(b) shows the burning rate ð _mm0Þ of lean methanol-spray

flames as a function of qd and r0i at U ¼ 2 for partially

prevaporized conditions ðr0i > r0cÞ. The C-shaped extinc-

tion curves, dominated by external heat loss, are seen in

Fig. 4(a) and (b). The upper branches of the C-shaped

extinction curves corresponding to stable solutions show

that the external heat loss decreases the burning inten-

sity. The lower branches are generally believed to be

unstable. The extinction point, identified by the critical

point (denoted by the symbol �) at which the response

curve turns back, indicates that a sufficiently large heat

loss results in flame extinction. Fig. 4 also displays that

for a lean spray the _mm0 curve shifts upward with either

increasing liquid fuel loading or decreasing droplet size.

The amount of heat loss required for the occurrence of

flame extinction increases with either increasing c or

decreasing r0i. This is owing to the additional heat gain

through burning the secondary gasified fuel from the

droplet vaporization process for a lean spray.

The burning rate at extinction ð _mmEÞ as a function of

qd for various values of r0i and U in a lean methanol-

spray flame of UG ¼ 0:8, c ¼ 0:02, and Le ¼ 1:0371 is

shown in Fig. 5(a). Results show that _mmE decreases with

increasing r0i or U, and approaches the asymptotic value,

expð�0:5Þ, identified as the burning rate at extinction of

a homogeneous premixture according to the flame

quenching theory [3]. It is known that increasing r0i
suppresses the droplet vaporization and results in a

weaker spray burning approaching homogeneous burn-

ing. It is also understood that increasing flow stretch ðUÞ
reduces the burning intensity of a positively stretched

Fig. 3. Variations of _mm0 with U and r0i for lean spray flames with

qd ¼ 0:00 and 0.02 under partially prevaporized conditions

ðr0i > r0cÞ.

Fig. 4. (a) Variations of _mm0 with qd and c for lean sprays under

completely prevaporized conditions; (b) variations of _mm0 with qd
and r0i for lean sprays under partially prevaporized conditions.
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flame with Le > 1. Therefore, the value of qd at extinc-

tion decreases with increasing r0i or U. The burning rate

at extinction ð _mmEÞ as a function of U is demonstrated in

Fig. 5(b) for various values of r0i and qd in lean sprays of

UG ¼ 0:8, c ¼ 0:02, and Le ¼ 1:0371. It is found that _mmE

decreases with increasing r0i or qd, and approaches the

asymptotic _mmE value of a homogeneous premixture. In-

creasing r0i or qd will diminish the burning intensity of

the positively stretched lean spray flame with Le > 1,

therefore the value of U at extinction decreases.

The burning rate at extinction, _mmE, as a function of U

is shown in Fig. 5(c) for various values of r0i and c in lean

sprays with qd ¼ 0:02. It is seen that _mmE decreases with

increasing r0i or decreasing c, and also approaches the

asymptotic value of a homogeneous premixture. Increas-

ing r0i or decreasing c suppresses the droplet vaporiza-

tion to reduce internal heat gain, and results in a weaker

spray burning approaching homogeneous burning. Hence,

the value of U at extinction also decreases with in-

creasing r0i or decreasing c.

7. Rich spray flames with Le < 1

Fig. 6 shows the burning rate ð _mm0Þ and the flame

position ðxfÞ of adiabatic rich methanol-spray flames

ðUG ¼ 1:5, Le ¼ 0:9477 and qd ¼ 0:0) as a function of U

and c under completely prevaporized conditions ðr0i 6
r0cÞ. Contrary to the lean spray, the liquid fuel absorbs

heat for upstream prevaporization, producing the sec-

ondary gasified fuel which is equivalent to an inert

substance without any contribution to burning for a rich

spray, thus providing an overall internal heat loss, and

subsequently weakening the burning rate. For a given U,

an increase in c (an increase in the internal heat loss)

leads to decreases in both _mm0 and xf because a larger c
requires a larger amount of heat absorption from flame

to droplets for upstream evaporation. For a given c, it is
found that with increasing flow stretch, the Le < 1 flame

is pushed closer to the wall (corresponding to a smaller

xf ) and has a larger burning rate ð _mm0Þ. On the other

hand, the decrease of U first leads to the decrease of _mm0

and the increase of xf , and finally should result in

flashback when a smaller value of U than plotted in the

figure is tried. It is noteworthy that no extinction is

predicted under the influence of positive stretch at the

nondimensional mass flow rate greater than a certain

value (characteristic value of the flow system of interest)

for the rich methanol sprays with qd ¼ 0:0. However, the

flow stretch still dominates the flame characteristics.

Fig. 7 shows the burning rate ð _mm0Þ and the flame

position ðxfÞ of nonadiabatic rich methanol-spray flames

(UG ¼ 1:5, Le ¼ 0:9477 and qd ¼ 0:1) as a function of U

and c under completely prevaporized conditions. It is

seen that for a given c, the increase of flow stretch results

Fig. 5. (a) _mmE as a function of qd and U for lean sprays; (b) _mmE

as a function of U and qd for lean sprays; (c) _mmE as a function of

U and c for lean sprays.

Fig. 6. Variations of _mm0 and xf with U and c for rich spray

flames with qd ¼ 0:00 under completely prevaporized condi-

tions.
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in the increase of _mm0 and the decrease of xf . However,

Fig. 7 further shows that extinction point may be pre-

dicted as a turning point on a curve of burning rate

versus flow velocity at burner exit before the flash back

point occurs. This is due to the external heat loss over-

whelming the heat gain by the Le < 1 effect. For a fixed

amount of heat loss ðqd ¼ 0:1Þ, the U value at flame

extinction increases with c. Finally, it is noteworthy that

the Le < 1 flame with completely prevaporized fuel

sprays enduring a small flow stretch can be extinguished

by external heat loss and this characteristic is repre-

sented by a C-shaped curve.

For partially prevaporized sprays, the response of

burning rate ð _mm0Þ and flame position ðxfÞ on the flow

stretch is indicated in Fig. 8 with various initial droplet

sizes for a rich methanol-spray of UG ¼ 1:5, c ¼ 1:5,
qd ¼ 0:1 and Le ¼ 0:9477. Results show that both the

burning rate and the flame position are increased with

increasing initial droplet size. This characteristic is due

to the reduction of internal heat loss coming from

methanol vaporization. The curves for r0i < r0�i ¼ 20:7
lm in Fig. 8 reveal that the upper branch of the _mm0

curve controlled by the partially prevaporized sprays

merges into that of the _mm0 curve governed by the com-

pletely prevaporized sprays and that flame extinction is

achieved at the condition of the flame enduring com-

pletely prevaporized sprays. Fig. 8 also shows that the

rich-methanol flames ðLe < 1Þ experiencing partially

prevaporized sprays can be extinguished at a small flow

stretch, if the droplet sizes are large enough (r0i P r0�i ¼
20:7 lm). The W-shaped extinction curve (a four-valued

function) differs from the C-shaped one (a double-val-

ued function) in the fact that for a Le < 1 spray flame

experiencing smaller flow stretch the flame extinction is

dominated by internal heat loss. Notably, the burning

rate ð _mmEÞ and flame position ðxEÞ at extinction can jump

between the C-shaped curve governed by the completely

prevaporized sprays and the W-shaped curve controlled

by the partially prevaporized sprays. These results sug-

gest that a Le < 1 flame under the influence of a fixed

amount of external heat loss can be extinguished by a

constant amount of heat loss which may consist of a

smaller (larger) flow stretch and a smaller (larger) in-

ternal heat loss represented by the rich spray with larger

(smaller) r0i. Fig. 8 further shows that under the influ-

ences of fuel spray, flow stretch and external heat loss,

the Le < 1 spray flames can be quenched in the region

far away from the wall. These interesting extinction

characteristics for the Le < 1 flame were not found in the

preliminary study [14].

The response of burning rate ð _mm0Þ and flame position

ðxfÞ on the external heat loss ðqdÞ are represented in Fig.

9 for UG ¼ 1:5, c ¼ 1:5, U ¼ 2, and Le ¼ 0:9477 with

various initial droplet sizes. It is found that for a given

flow stretch ðU ¼ 2Þ, both _mm0 and xf increase with

increasing r0i or decreasing qd. The former is due to

the reduction of internal heat loss associated with the

droplet gasification, the latter is caused by the decrease

of the external heat loss. For a given value of r0i
(r0i < r0�i ¼ 20:9 lm) Fig. 9 shows that by increasing the

external loss from a small value, the burning rate ini-

tially influenced by the partially prevaporized spray is

monotonically decreased and eventually ends at the

completely prevaporized condition. Therefore, flame

extinction governed by the completely prevaporized

Fig. 7. Variations of _mm0 and xf with U and c for rich spray

flames with qd ¼ 0:1 under completely prevaporized conditions.

Fig. 8. Variations of _mm0 and xf with U and r0i for rich spray

flames with qd ¼ 0:1.
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spray occurs if the qd is large enough. The curves for

r0i P r0�i ¼ 20:9 lm in Fig. 9 display that the _mm0 curve

associated with the partially prevaporized spray is en-

larged, and extinction of the Le < 1 flame is therefore

dominated by the partially prevaporized spray rather

than the completely prevaporized one. Additionally,

these curves for r0i P r0�i ¼ 20:9 lm in Fig. 9 demonstrate

that with increasing r0i, both the burning rate ð _mmEÞ and

the corresponding qd at extinction are increased, and

thus the flame position ðxEÞ at extinction is increased.

Notably, we also find that if the droplet size is large

enough, the burning rate ð _mmEÞ and flame position ðxEÞ at
extinction can jump between the C-shaped curve gov-

erned by the completely prevaporized sprays and the W-

shaped curve controlled by the partially prevaporized

sprays. Results of Fig. 9 suggest that a Le < 1 flame

under the influence of a fixed amount of flow stretch can

be extinguished by a constant amount of heat loss which

may consist of a larger (smaller) qd and a larger (smaller)

r0i. The abrupt change on _mmE or xE from the completely

prevaporized spray to the partially prevaporized spray

in Figs. 8 and 9 further emphasizes the significant in-

fluence of the droplet size on the flame extinction.

Fig. 10(a) shows the burning rate ð _mm0Þ as a function

of the flow stretch ðUÞ with different values of c for a

rich methanol-spray flame ðLe < 1Þ with r0i ¼ 24 lm and

qd ¼ 0:1. It is known that the flow stretch for the Le < 1

flame is a positive effect on burning intensity. As shown

in Fig. 10(a), a large amount of liquid loading (corre-

sponding to a large amount of internal heat loss) leads

to a W-shaped extinction curve which gives four solu-

tions for a fixed U. However, for a small value of c, the

C-shaped extinction curve occurs in the region of small

flow stretch. On the other hand, as represented in Fig.

10(b), it is found that by setting r0i ¼ 24 lm and U ¼ 2, a

large amount of liquid loading also results in a W-

shaped extinction curve caused by internal heat loss.

Conversely, for a small value of c, the C-shaped ex-

tinction curve exists in the region of large qd. These

trends in Fig. 10 suggest that a Le < 1 flame under the

influence of a fixed amount external heat loss (or flow

stretch) can be extinguished by a constant amount of

heat loss which may consist of a larger c corresponding

to a larger internal heat loss and a larger flow stretch

relating to an augmentation of Le < 1 effect (a smaller qd
denoting a smaller amount of external heat loss). The

W-shaped extinction curve shown in Figs. 8–10 repre-

sents the combination of solutions of completely and

partially prevaporized spray, and always occurs when

the rich methanol-spray flame experiences a partially

prevaporized spray composed of a sufficiently large r0i
and a large enough c.

The burning rate at extinction, _mmE, as a function of qd
for various values of r0i and U in a rich methanol-spray

flame of UG ¼ 1:5, c ¼ 1:5, and Le ¼ 0:9477 is shown in

Fig. 11(a). It is found that the _mmE value and its corre-

sponding qd at extinction increase with r0i or U. It is

expected that increasing r0i suppresses the droplet va-

porization, leading to the decrease of internal heat loss,

and results in a stronger spray burning. It is also known

Fig. 9. Variations of _mm0 and xf with qd and r0i for rich spray

flames with U ¼ 2.

Fig. 10. (a) Variations of _mm0 with U and c for rich sprays with

r0i ¼ 24 lm; (b) variations of _mm0 with qd and c for rich sprays

with r0i ¼ 24 lm.
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that increasing flow stretch ðUÞ enhances the burning

intensity of the positively stretched flame with Le < 1.

Therefore, the value of qd at extinction increases with

increasing r0i or U. The burning rate at extinction ð _mmEÞ as
a function of U is represented in Fig. 11(b) for various

values of r0i and qd in lean sprays of UG ¼ 1:5, c ¼ 1:5,
and Le ¼ 0:9477. Since increasing r0i (decreasing the in-

ternal heat loss) strengthens the burning intensity of the

positively stretched rich spray flame with Le < 1. It is

seen that for a fixed value of qd, the _mmE value increases,

while its corresponding U at extinction decreases with

increasing r0i. Meanwhile, for a fixed value of r0i, both the

_mmE value and its corresponding U at extinction increase

with qd.
As just discussed in Figs. 8–10 that for the rich-

methanol spray with Le < 1, the W-shaped curve occurs

when it experiences a partially prevaporized spray with

sufficiently large liquid fuel loading and droplet size. The

burning rate at extinction of the W-shaped curve, _mmE, as

a function of U is shown in Fig. 11(c) for various values

of r0i and c in rich sprays with qd ¼ 0:1. Results show

that for a fixed amount of c, the _mmE value increases,

while its associated flow stretch ðUÞ at extinction de-

creases with increasing initial droplet radius. This

characteristic is the same as that described in Fig. 8. It is

further found that for a fixed value of r0i, the _mmE value

and its corresponding flow stretch at extinction increase

with liquid fuel loading. Considering a rich spray with a

fixed value of r0i, the increase of c results in the increase

of internal heat loss because the secondary gasified fuel

in a rich spray is equivalent to an inert gas with no

contribution to burning. Hence, for a fixed value of r0i,
extinction characterized by a W-shaped curve is achieved

at a larger flow stretch when the Le < 1 spray flame

contains a larger amount of liquid loading.

8. Conclusions

An extinction theory of stretched premixed flames

with combustible sprays was developed using activation

energy asymptotics to explore the influences of liquid

fuel spray, flow stretch, Lewis number and external heat

loss on the extinction of methanol spray flames. A

completely prevaporized mode and a partially preva-

porized mode of flame propagation are identified. The

internal heat transfer embedded in the rich and lean

spray respectively provides heat loss and heat gain for

the system. The flow stretch weakens the burning in-

tensity of the Le > 1 flame (lean methanol-flame), but

strengthens that of the Le < 1 flame (rich methanol-

flame). Concluding remarks are summarized as follows:

1. For the lean methanol-spray flame with Le > 1, the

burning intensity weakened by the external heat loss

or the flow stretch can be intensified when it is com-

posed of a larger amount of liquid fuel loading or a

smaller initial droplet size. Note that the Le > 1 flame

can be extinguished with or without external heat

loss. Both the external heat loss and the flow stretch

are found to strongly dominate the tendency for

flame extinction characterized by a C-shaped curve.

2. For the rich methanol-spray flame ðLe < 1Þ without

external heat loss, no extinction is predicted under

the influence of positive stretch at the nondimen-

sional mass flow rate greater than a certain value

(characteristic value of the flow system of interest).

However, the Le < 1 flame with completely prevapor-

ized fuel sprays enduring the flow stretch small en-

ough can be extinguished by the external heat loss

characterized by a C-shaped extinction curve.

3. The W-shaped extinction curve (a four-valued func-

tion) differs from the C-shaped one (a double-valued

function) in the fact that the flame extinction behav-

ior of the former is governed by the internal heat loss.

For a Le < 1 spray flame with external heat loss, a W-

shaped curve is obtained when it endures a positive

stretch and experiences a partially prevaporized spray

Fig. 11. (a) Variations of _mmE with qd and U for rich sprays; (b)

variations of _mmE with U and qd for rich sprays; (c) variations of

_mmE with U and c for rich sprays.
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with sufficiently large liquid fuel loading and droplet

size.

4. For the rich methanol-spray flame ðLe < 1) with ex-

ternal heat loss, the burning rate ð _mmEÞ and flame

position ðxEÞ at extinction can jump between the C-

shaped curve (governed by the completely prevapor-

ized sprays) and the W-shaped curve (controlled by

the partially prevaporized sprays) in response to

varying the droplet size. This interesting characteris-

tic further emphasizes the significant influence of

the liquid loading and the droplet size on the flame

extinction

5. Flame extinction characterized by a C-shaped curve

for the lean methanol-flame with Le > 1 is mainly

controlled by the flow stretch or external heat loss

and is only slightly modified by the internal heat

transfer, while the W-shaped extinction curve for

the Le < 1 flame is strongly influenced by the internal

heat loss.
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