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Effects of Flame Stretch and Lewis Number on
the Extinction of Dilute Sprays

Abstract

The influences of flame stretch, preferential diffusion and internal heat transfer on the
extinction of dilute spray flames propagating in a duct with varying cross-sectional area are
analyzed using activation energy asymptotics. A completely prevaporized mode and a
partially prevaporized mode of flame propagation are identified. We consider a non-
conserved system in which the initial gas-phase composition is maintained the same, but the
liquid fuel loading is systematically varied. Therefore, the influences of liquid fuel can be
independently explored. The internal heat transfer resulted from droplet gasification, is a
function of the liquid fuel loading and the initial droplet size. The analysis is restricted to a
dilute spray, i.e., the amount of liquid fuel loading in the fresh mixture is so small that
expansion in perturbation analysis can be performed. The results show that the internal heat
transfer, associated with the liquid fuel loading of the spray, provides internal heat loss for
rich sprays but heat gain for lean sprays. The burning intensities of a lean°]or rich°^spray is
enhanced°]or reduced°^with increasing liquid fuel loading and decreasing initial droplet size.
The positive stretch coupled with Lewis number (Le) weakens the lean methanol-spray flame
(Le>1) but intensifies the rich methanol-spray flame (Le<1). For the Le <1 flame with
positive stretch or the Le >1 flame with negative stretch, no extinction occurs. A positively-
stretched Le>1 flame or a negatively-stretched Le<1 flame can be extinguished by increasing
the stretch. The flame stretch is found to strongly dominate the tendency for flame extinction
characterized by a C-shaped curve. 
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1. INTRODUCTION
A homogeneous laminar premixed

flame influenced by external heat loss can

be described by a C-shaped extinction

curve (a double-valued function) in the

classical flame-quenching theory  [1-3]. It

is well known that a given combustible

premixture will have two possible flame

speeds under a fixed amount of heat loss:

the upper branch representing stable

solution; and the lower branch showing

unstable solution. The extinction limit,

identified by the critical point in connecting

the upper and lower branch, indicates that a

sufficiently large external heat loss leads to

flame extinction.

Since flow stretch was further

recognized as an important parameter on

flame extinction [4-7], various theories [4]

and experiments [5-7] on extinction

characteristics were then demonstrated in

the stagnation-point flow in which flow

stretch is positive. It was concluded that

with increasing positive stretch, burning

intensity of a premixed flame is weakened

or enhanced, when the Lewis number (Le)

of mixture is larger or smaller than one,

respectively. There is also a study for the

propagation of a premixed flame in a close

tube with varying cross-section area [8]. It

was concluded that positive flame stretch

increases the mass burning rate, negative

flame stretch has the opposite effect, with a

Lewis number larger (smaller) than one.  

Studies on flame extinction introduced

above were only focused on homogeneous

mixture. However, the participation of fuel

spray effects [9] further produced so-called

internal heat loss (or gain) to the system,

and thereby resulted in an S-shaped

extinction curve (a triple-valued function)

on spray flame extinction. Because the fuel

spray absorbs heat for the gasification

process, the internal heat transfer

embedded in the rich and lean spray

respectively resulted in heat loss and heat

gain for the system. It was generally

concluded that the S-shaped extinction

curve is found for a rich spray, if the spray

is thick enough and consists of liquid



droplets large enough. On the contrary, the

flame propagation flux of a lean spray is

increased with increasing liquid fuel

loading and decreasing initial droplet size

without the occurrence of flame extinction.

In the present study, we have

formulated an extinction theory on

stretched spray flames with non-unity

Lewis number in a nonconserved system in

which the initial gas-phase composition is

maintained the same, but the liquid fuel

loading is systematically varied. Therefore,

the influence of liquid fuel will be

independently explored without the

participation of the leaning effect from the

gas-phase mixture. Furthermore, the

coupling effects of stretch and internal heat

transfer on extinction with non-unity Lewis

number will be discussed. The

mathematical technique used is the

matched asymptotic analysis in the limit of

large activation energy. We shall also

restrict our analysis to dilute sprays [10-13]

in which the amount of liquid fuel loading

in the total fresh mixture is very small and

can be expanded in perturbation analysis.

Theoretical Model
We adopt a one-dimensional

coordinate system in which a planar flame

sits at x=0 in a duct with varying cross-

sectional area; the two phase combustible

mixture composed of various

concentrations of oxidizer, nitrogen, fuel

vapor, and fuel droplets of a certain radius

comes from x= ; and equilibrium

reaction products move away toward x=

, as illustrated in Fig. 1., a completely

prevaporized mode and a partially

prevaporized mode of flame

propagation, shown in Fig. 1(a) and Fig.

1(b) respectively, are identified by a critical

initial droplet size for the droplet to

achieve complete vaporization at the

premixed flame front. We assume that the

droplet will start to evaporate at x=xv , only

when the gas temperature has reached the

boiling point of the liquid. Droplets then

ignite upon crossing the flame, and vanish

at x=xe upon complete combustion for lean



sprays or complete evaporation for rich

sprays.

We further assume that the external

heat transfer being O( ) is proportional to

(T Tu) in the upstream region of xv to 0. Tu

denotes the wall temperature in the

upstream region. Since the spray is dilute

and the external heat transfer is small

compared with the heat release of

combustion, it is reasonable to assume that

the amount of liquid fuel loading and the

amount of external heat transfer is of O( )

in the asymptotic analysis. Here =T /Ta

is the small parameter of expansion for

large activation energy reactions of interest

to combustion. Finally, we assume that the

fuel and oxidizer reaction for the bulk

premixed flame is one-step overall, that the

fuel droplets burn in the flame sheet limit,

and the conventional constant property

simplifications apply. More detailed

assumptions and comments were described

in an earlier study [13].

We designate the extent of gas-phase

heterogeneity by the parameter 

such that Z=1 represents the completely

vaporized state. Following the previous

formulation [13], the present case for a duct

with varying cross-sectional area can be

modeled by adding -ρZu , (1/Le)(dY/dx),

dT/dx times (1/A)(dA/dx) [3] to the right-

hand sides of the non-dimensional

equations for gas-phase continuity,

conservation of fuel, oxidizer, and energy.

Where A is the cross-sectional area of the

duct, and these equations are respectively

given by

where

(5)

(6)



and the function H(x) in Eq.(4) is equal to 1

as

while x = is the non-dimensional

distance expressed in units of the preheat

zone thickness, . During the

derivation, has been

stretched as [8]. Here is called the

stretch parameter. In Eqs.(1)-(4), the

function F(T,Y0) and the constant

parameters , fF, f0, and fT are respectively ,

,1,0 and hLG for the

vaporizing droplet and ,

0, 1, and ( 1-hLG) for the burning droplet. K

represent the heat transfer coefficient for

the external heat transfer in the upstream

region. In this study, we assume 

for simplification.

Performing the inner and outer

expansions based on the small parameter of

, and following the detailed matching

procedure of the previous study [13] to

match the inner and outer solutions, we

therefore reach the final results as follows:

(7)

Equation (7) indicates that the flame

propagation flux is exponentially affected

by the first-order temperature downstream

near the flame. The first- order temperature

T1
+(0)is expressed by the following

equation:

For the sake of notation compactness,

we use =1 for lean sprays and =0 for

rich sprays. The liquid fuel loading is

represented by through the expansion of

for dilute sprays [13].

For completely prevaporized sprays,

the value of xe is equal to zero, we obtain

where

Here we use i= F for lean sprays and

i=O for rich sprays. Equation (9) also



indicate that the flame flux is independent

of the initial droplet size of the spray.

On the basis of the formulated results,

Eqs. (7) and (9), sample calculations for

methanol burning in air are now considered

in a nonconserved manner which maintains

the initial gas-phase composition not varies

the liquid fuel loading. We adopt an

external heat loss parameter

which is similar to that

of the earlier studies [10-11]. The influence

of flow stretch and preferential diffusion on

dilute spray flames in the problem will be

assessed based on four parameters, namely

the initial droplet radius , the liquid

fuel loading ( ), flow stretch ( ), and

Lewis number (Le). Here and show

the internal heat transfer (heat gain or heat

loss) for the fuel spray. Lewis number is

defined as in which the

diffusion coefficient of the deficient

reactant in the mixture is used and variables

are determined based on the mean gaseous

temperature upstream of the flame.

Methanol-air premixture of =0.8 and

=1.5, corresponding to Le=1.0371 and

0.9477, respectively, are adopted to show

the influence of nonunity Lewis number.

Lean spray flame with Le 1
We first investigates the completely

prevaporized sprays in which no

liquid droplets exists downstream of the

flame. Fig. 2 demonstrates the flame flux

of lean methanol-spray flame with no

heat loss as functions of and

. In the region of positive stretch, the

increase of flow stretch results in the

decrease in flame propagation flux for Le >

1. However, when the flame experiences

negative stretch, the flame extinction would

never occur.   Therefore, the upper and

lower branches of the C-shaped extinction

curves correspond to the stable and

unstable solutions, respectively, and are

connected at critical points represented by

the symbol . The critical points are

identified as points of flame extinction. For

a given , the increase of first leads to

decrease of indicating that a largerm

m



stretch lead to a more weakened flame, and

finally results in flame extinction when the

flow stretch is large enough. This is mainly

resulted from the suppression of burning

intensity by flow stretch for an Le > 1

flame. In the contrary, when the stretch is

negative, the decrease of would never

extinguish the flame because the negative

stretch would strengthen the burning

intensity.

Considering the partially prevaporized

sprays , the influence of the

initial droplet size on flame characteristics

is shown in Fig. 3 for a lean methanol-

spray flame of ΦG=0.8, =0.04, and

Le=1.0371. Fig. 3 shows that with

increasing the initial droplet size, the upper

branch corresponding to the stable solution

for a partially prevaporized spray first

deviates from that for the completely

prevaporized spray , and

approaches that for a homogeneous mixture

( = 0). This indicates that the flame flux

decreases with increased initial droplet size

or flow stretch. The former is due to the

reduction of internal heat gain; the latter is

caused by the augmentation of the Le > 1

effect. A lean spray containing larger

droplets will have weaker prevaporization

upstream of the flame and provides a

smaller amount of internal heat gain, and

therefore has a diminished burning

intensity. Hence, it can be extinguished by

a smaller flow stretch.

Rich spray flames with Le < 1
Fig. 4 shows the flame propagation

flux of rich methanol-spray flames of

ΦG=1.5 and Le = 0.9477 as functions of 

and under completely prevaporized

sprays with no heat loss. Contrary to the

lean spray, the liquid fuel absorbs heat for

upstream prevaporization, producing the

secondary gasified fuel which is equivalent

to the inert substance with no contribution

to burning for a rich spray, thus providing

an overall internal heat loss, and weakening

the flame propagation flux. For a given ,

the increase of leads to decrease in 

because a larger absorbs a larger amount

m



of heat from flame for upstream droplets

evaporation representing a larger heat loss.

For a given ,the decrease of 

leads to decrease of , and finally results

in flame extinction represented by the

symbol which is the critical point by

connecting the upper and lower branches.

However, when the flame with positive

stretch, the flame flux increases with

increased stretch for the Le < 1 effect.

For partially prevaporized sprays, the

effects of on flame flux with various

initial droplets size for a rich spray is

shown in Fig. 5 Fig. 5 hows that with

increasing the initial droplet size, the flame

flux first deviates from that for the

completely prevaporized spray ,

and approaches that for a homogeneous

mixture ( = 0). This indicates that the

flame flux increases with increased initial

droplet size or flow stretch. The former is

due to the reduction of internal heat loss;

the latter is caused by the enhancement of

the Le < 1 effect. A rich spray containing

larger droplets endures a weaker

m

prevaporization upstream leads to a smaller

amount of internal heat loss, and therefore

has a enhanced burning intensity.

Conclusion
Following activation energy

asymptotics, an extinction theory of stretch

premixed flames with combustible sprays

was developed to explore the influence of

liquid fuel spray, flow stretch , and Lewis

number on the flammability limit and

extinction of methanol sprays. Results are

summaried as follows:

1. The flow stretch weakens and

strengthens the  burning intensity of the

Le > 1 flame (lean methanol flame) and

the Le < 1 flame (rich methanol flame),

respectively.

2. For the lean methanol-spray flame with

Le > 1, the burning intensity weakened

by the flow stretch can be enhanced

when the lean spray has a larger amount

of liquid fuel loading or a smaller initial

droplet size.

3. For the rich methanol-spray flame with



Le < 1, the burning intensity weakened

by the flow stretch can be enhanced

when the rich spray has a smaller

amount of liquid fuel loading or a larger

initial droplet size.
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Fig.1 Schematic diagram of (a) completely

prevaporized, and (b) partially

prevaporized burning sprays

Fig. 2. variations of the flame flux ( )

with the flow stretch ( ) and the liquid

fuel loading ( ) for a lean spray flame

m

Fig. 3. Flame flux ( ) as a function of the

flow stretch ( ) with various values of

for a lean spray flame

Fig. 4. variations of the flame flux ( )

with the flow stretch ( ) and the liquid

fuel loading ( ) for the rich spray flame

m

m



Fig. 5. Flame flux ( ) as a function of the

flow stretch ( ) with various values of 

for a rich spray flame
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