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Abstract

The extinction of dilute spray flames propagating in a stagnation-point flow under the influence of flow stretch,
preferential diffusion, and internal heat transfer is analyzed using activation energy asymptotics. A completely pre-
vaporized 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 and heat gain for rich
and lean sprays, respectively. It is found that the flow stretch coupled with Lewis number (Le) reduces and enhances the
burning intensity of the lean methanol-spray flame (Le > 1) and rich methanol-spray flame (Le < 1), respectively; and
that the flame extinction characterized by a C-shaped curve for the Le > 1 flame is dominated by the flow stretch, while
the S-shaped extinction curve for the Le < 1 flame is mainly influenced by the internal heat loss associated with the
droplet gasification process. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A homogeneous laminar premixed flame influenced
by external heat loss can be characterized by a C-shaped
extinction curve (a double-valued function) [1-3]. For
positively stretched flames in the stagnation-point flow,
the burning intensity is weakened or intensified when the
Lewis number is greater or less than one, respectively
[4-7]. Here the Lewis number designates the ratio of
thermal-to-mass diffusivities of the deficient reactant in
the mixture. Regardless of downstream heat loss
through the wall and incomplete reaction, a sufficiently
large stretch can lead to the occurrence of extinction for
Le > 1 flame, while no extinction occurs for Le < 1
flame.

The above descriptions were focused on the flame
extinction of homogeneous mixtures caused by the ex-
ternal heat loss [1-3] and flow stretch [4-7] separately.
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However, the participation of fuel spray effects [8] fur-
ther produced so-called internal heat loss (or gain), and
therefore resulted in the S-shaped extinction curve (a
triple-valued function) that is distinct from the C-shaped
extinction one. The interaction between external and
internal heat transfers on extinction of dilute spray
flames has been analyzed by a series of theoretical
studies in one-dimensional models [9-11]. Depending on
the balance between internal and external heat transfers,
dilute spray flames were characterized by a C-shaped
extinction curve or a curve bounded by blow-off and
flashback in the excess enthalpy theory of spray defla-
gration [11]. In the theoretical studies [9-11], however,
the effects of flow stretch and nonunity Lewis number on
the flame extinction of dilute sprays were not examined.

Subsequently, the extinction of a methane-air pre-
mixed flame propagating in a stagnation-point flow (a
two-dimensional model) under the influence of an inert
(water) spray has been studied by Liu et al. [12]. It was
concluded that the application of the inert spray to the
Le < 1 flame indicates that extinction characterized by
an S-shaped curve is possible. In contrast, the Le > 1
flame can be extinguished with and without the
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Nomenclature

Dimensional quantities

A cross-sectional area of the stream
B preexponential factor

Cpg  specific heat of the gaseous mixture
Cp.  specific heat of the liquid

D mass diffusion coefficient

Ed activation energy

L separation distance (Fig. 1)

14N thickness of the diffusion zone

M average molar mass

n number density

o4 heat of combustion per unit mass of gaseous
fuel

R universal gas constant

4 droplet radius

S0 one-dimensional adiabatic flame speed

Nondimensional quantities

A Eq. (8)

C parameter governed by Eq. (28)

F F‘(T7 Yo) = 11’1[1 + (T — Tb)/hLG} for the
vaporizing droplet or F(T,Y,) = In[l + (T—
Ty, + Y0Q)/hig| for the burning droplet

fF fF =1 and 0 for the vaporizing droplet and
the burning droplet, respectively

fo fo =0 and —1 for the vaporizing droplet and
the burning droplet, respectively

fr fr=—hg and (Q — hg) for the vaporizing
droplet and the burning droplet, respectively

his  latent heat of vaporization, hjg/(CpgT!)

Le  Lewis number, 1'/(p;Cpe D)

i axial mass flux (pu), p'v’/(p.S}?)

P pressure, P’ /P!

Pr Prandtl number

0 heat combustion of fuel, 0'/(CpsT/)

T temperature, T"/T!

T, activation temperature, Ea'/(RT!)

T,a  adiabatic flame temperature, 7,,/7;

U axial velocity at the burner exit, u//S?

u,v  axial and radial velocities, u = v/ /S?, v = v/ /S?

w Eq. (9)

X,y axial and radial coordinates, x=ux'/L,
y=y/L

Y mass fraction, Yr = Y{, Yo = ¥} /0

z density ratio, pg/p’

Greek symbols

o o =1 and o = 0 for lean and rich sprays

p mass fraction perturbation in the reaction
zone

y (1-z)/0

0 small expansion parameter, ¢, /L’

€ small expansion parameter, 7/,R/Ed’

n stretch variable of the reaction zone, &/¢

0 temperature perturbation in the reaction zone

A Eq. (19)

s thermal conductivity

14 stretch variable for the diffusion zone,
(x —xp)/0

o density

a stoichiometric ratio

¢ equivalence ratio

Superscripts

+ downstream near the flame

! 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

F, O fuel and oxygen

f flame front

G, L gas and liquid phases

i state at the exit plane of the burner

J j=ForO

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

spectively
] spray
w state at wall
0,1  zeroth- and first-order solutions

participation of the inert spray. Flow stretch and inert
spray are responsible for extinction of the Le > 1 flame
identified by a C-shaped curve and a W-shaped curve,
respectively. Unfortunately, this study did not include
the possible existence of fuel sprays that provide the
internal heat gain associated with the secondary gasified
fuel from the droplet gasification process for enhancing
premixed burning under lean-spray conditions [13].

In the present study, we have formulated an ex-
tinction 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 influences of liquid fuel will be
independently explored without the participation of
the leaning effect from the gas-phase mixture. Fur-
thermore, the coupling effects of flow stretch and in-
ternal heat transfer on extinction and flashback of
stretched spray flames with nonunity Lewis number
will be emphasized.

We consider a steady, planar, premixed flame gen-
erated in a stagnation-point, two-phase flow in which
the dispersed phase is simulated by a monodisperse,
dilute and chemical reactive spray. The purpose of this
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study is to investigate flame extinction and flame flash-
back under the influences of Lewis number, flow stretch,
and internal heat transfer that is a function of liquid fuel
loading and liquid fuel droplet size. We shall also restrict
our analysis to dilute sprays, so that the amount of
liquid fuel loading in the fresh mixture is very small and
can be expanded in perturbation analysis.

2. Formulation

Fig. 1 shows the schematic of the stagnation-point
configuration considered here in which a two-phase
premixture of gaseous fuel, air and liquid fuel droplets
impinges onto a wall that is adiabatic and impermeable.
The injection velocity at the burner exit is assumed to be
uniform and is denoted by a nondimensional value, U.
The cylindrical coordinates (x,y) with the origin at the
center of the wall are nondimensionalized by the sep-
aration distance (L') between the burner and the wall.
The locations of the burner exit and the premixed flame
are respectively denoted by 1 and x;. A completely
prevaporized mode (] < #.,) and a partially prevaporized
mode ({ > r.) are identified by a critical initial droplet
size (r!) for the droplet to achieve complete evaporation
at the premixed flame front [14]. The initial droplet
temperature is constant and assumed to be the same as
the inflowing gas temperature. We assume that the
droplet will start to evaporate only when the gas tem-
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Fig. 1. Schematic diagram of a premixed flame propagating in
a stagnation-point flow under the influence of combustible
sprays.

perature has reached the boiling point of the liquid.
Droplets then ignite upon crossing the flame, and vanish
at x = x, upon complete combustion for lean sprays or
complete evaporation for rich sprays. The gaseous
mixture in each section is homogeneous due to instan-
taneous mixing of the initial gasified reactants, vapor-
ized fuel and products [14,15].

A small parameter 0 =/¢,/L' < 1 based on large
activation energy asymptotics is simply assumed, where
s =2'/(p5:CrsSY) indicates the thickness of the diffu-
sion zone; here A" is the thermal conductivity, Cpg is the
specific heat at constant pressure, pg; is the density of
fresh gas at the burner exit and S? is the one-dimensional
adiabatic laminar flame speed of a premixed flame. Due
to the fast chemical reaction, a thinner reaction zone is
assumed to be embedded within the diffusion zone, as
shown in Fig. 1. The amount of liquid loading is as-
sumed to be O(e) of the total mixture mass because the
spray is dilute and monodisperse. We assume no inter-
action between droplets during their lifetime. Here the
small parameter of expansion, &, is the ratio of thermal
energy to large activation energy in the combustion
process. In the analysis, small parameters 0 and ¢ are
assumed to be of the same order for the matching of the
reaction zone [13]. By assuming the extent of spray
heterogeneity as O(e), we are excluding phenomena re-
lated to the dense spray region near the nozzle exit,
where most of the fuel is still in liquid form while very
little air has been entrained [14].

To suppress interactions between droplets and the
gas flow or between droplets and the wall, the droplet
size must be small enough, and its motion in phase
with that of the gas [12]. Therefore, droplets with a
selected size can penetrate into the premixed flame, but
almost achieve complete evaporation in passing
through the diffusion zone. This consideration will
narrow down the applicable range of droplet size
herein. However, the influence of the droplet size on
flame extinction can still be apparent to us. No slip is
assumed for mathematical simplicity and thus clarity in
understanding the phenomena of interest. This as-
sumption is also consistent with the dilute spray as-
sumption applicable to regions far away from the
injection nozzle, where the initial gas-droplet velocity
disparity due to injection has been largely reduced
through drag [14,15].

Furthermore, moderate rates of flow stretch allowing
the flame to sit outside the viscous boundary layer are
considered. Finally, we assume that the fuel and oxidizer
reaction for the bulk premixed flame is one-step overall,
that the droplet gasification follows the d?-law, and that
constant property simplifications apply. More detailed
assumptions and comments were generally illustrated in
earlier studies [12,13].

The total number of droplets crossing any plane
normal to the central axis per second is set to be con-
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stant, for a given stream tube of axisymmetrical stag-
nation-point flow

nu' A = nu A, (1)
where A’ is the cross-sectional area of the stream tube, 7’
is the number density and «' is the axial velocity. Fol-
lowing Williams [15], we designate the extent of gas-
phase heterogeneity by the variable z = p;/p’ where p’ is
the overall density of the two-phase mixture, and
p' = pg + ps, in which pg = (4/3)n(r)’n'p), shows the
spray density. Note that z = 1 represents the completely
vaporized state. 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 S such that U = «'/S}. Quantities
with and without primes are dimensional and nondi-
mensional, respectively.

Therefore, the nondimensional equations for overall
continuity, gas-phase continuity, conservations of fuel,
oxidizer, energy, and momentum, respectively, are given
by
)

3 () + 22 o) =0, (2)

y oy

L2 gy = 571 -2

)
R ZU +__
(pzu) 33

Ox
x (1 —z)*F(T, Yo)/(T),
(3)

) 10 Y, 10 /[ o
= (pzuY)) + - — Y)—oLe ' | S 2 2 (2
ax P T) +y ay(ypzv ) ‘i {ﬁxz +y dy (y dy )}

0 10
— 5! ) - j =

(4)
0 10 RT 10 oT
el Someet) o o2 (05 )|
= 5O+ fr| 2 (o) + 2 (yper) (5)
a T ox Pz y Oy P2
Ou Ou _OP Pu 10 Ou
(vt es) = ot o |a e (5]
(6)
ov ov _OP Pv 0 /10
(gt ogy) = o o7 5 (o) |
(7)
where
P =P/ |p(st)’].
(8)

1

A=363PH | [T RG]

and

W= —(Bo/ity) (PH /R) {7 /1Cra 0150} Yo
X exp(~T,/T). o)

In the above equations, Q= Q'/(CpT) and hig =
hi 6/ (CpsT!) represent the heat of combustion per unit
mass of gaseous fuel and the latent heat of vaporization
for the liquid fuel, respectively. In Eqgs. (3)—(5), F(T, Yo),
¥, fo, and fr are given by In[l + (T — Ty,) /1], 1,0, and
—hig for the vaporizing droplet and In[l + (7 — T, +
Y60)/hil,0,—1, and (Q — hyg) 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 deviation of the gas-phase con-
tinuity.

The boundary conditions at the burner exit, x = 1,
are specifiedasu =U,v=0,p=p;, ¥; =Y;, T = T;, and
z = z;. Since the premixed flame always stays outside of
the viscous boundary layer which provides an 0(51/ 2)
thick displacement for the outer flow, the boundary
conditions at x = 0 can be adequately given by u =0,
z=1,Y;=7Y,and T = T,. The problem will be solved
performing the separate analysis on three regions,
namely the diffusion zone, the reaction zone and the
outer hydrodynamic zone. Based on the assumption of ¢
and ¢ being the same order, the stretched variables are
given by ¢ = (x—xr)/0 and n = /¢ for the diffusion
zone and the reaction zone, respectively.

3. The diffusion zone

In the diffusion zone, the dependent variables
are expanded with respect to the small parameter of ¢
as

T =Ty + T, 4+ O(8%),

Y, =Yy +0Y, +0(5°), j=F,O0,

u = uy + du; + 0(8%), (10)
v=1vy+ ov, + 0(52),

p=po+p +0(5).

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

z=1—dyzy + O(5%) (11)

such that z; =1— 0y for a dilute spray. The liquid
loading will be characterized by the parameter 7. Sub-
stituting Eq. (10) into Egs. (2), (4) and (5) and ex-
panding, we have
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from which the zeroth-order solutions are readily de-
termined to be

Y~i—Ykie'hﬂLe/§ j:FO f<0
Yo = Js s ) y s ) 13
” {Yj,i—Yk,i E>0, (13)
and
1+ (T — l)e';‘oé, £<0,
To= {Tad, >0, (14)

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

spectively. ri1g is a constant and denotes the axial mass

flux normalized by the adiabatic premixed value, pS?.
Using Egs. (11) and (14), we obtain

24 [¢ -l
— =~ _ e
20 {1 e ], [1+(1rad e }

. 32

1= T) + (Toq — D)eie

L= To)+ (T — De }dé} , e<o0,
hLG

In

(15)

from Eq. (3), while the position (&,) for the initiation of
droplet evaporation is given by

g:iln(T"_l) (16)

o \ T — 1

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 = Toq + eTa0 + O(&?),

: (17)
Y}: jf+8ﬁj+0(8)7 j:F7O7

to result in

e.’l dzﬁ/ =— ad@
J dznz d;,IZ

:49(5)(YmeﬂFxYOfﬂﬁo)expa (1)

2 T,

where
=/ 2
Ao (Tad) Bao\ [ pM A
L)\uo )\ R ) | CalpiS))’
T.
I 1
xexp( Tad>’ (19)

is the flame speed eigenvalue. By using the local Shvab—
Zeldovish formulation and the matching conditions at
n — +oo [14], we have

iy = exp[T1(0")/ Tol, (20)

in which the first-order temperature, 7;(0"), denotes the
O(9) downstream temperature perturbation at the flame.
Eq. (20) shows that the flame propagation flux (i) is
exponentially affected by the first-order temperature
downstream near the flame. Adding Eq. (4) to Eq. (5),

and then integrating it from ¢ = —oo to ¢ = 07 leads to
_ Kr
T1(0+) :VD—.—Z (21)
my
in which

1
r=ov / 1= & ]/(1 + GOY,)dd

represents  the  Lewis number effect, and
K = (1/y)(0/0y)(yv) shows the flow stretch. The spray
effect including the liquid fuel loading and the initial
droplet size comes from yD in Eq. (21), where

4

b= - G ) - o0

PG

e
X (1 — I’ho / ) eimﬂédé’), (22)
0
and

& =20(0)*" /{24 In[1 + (Ta — Ty
+ aQYw)/hig] /3 T}, (23)

showing the vaporized state. Here, o« = 1 and o = 0 for
lean and rich sprays, respectively. The liquid fuel loading
is represented by y through the expansion of z; = 1 — dy
[13]. A larger value of y means that the dilute spray has a
relatively larger amount of liquid fuel. For the case of
completely prevaporized sprays, Eq. (22) is simplified to
be

D= Tb—CPL (To = 1)| = (Taa + hig — 2Q), (24)

indicating that there is no contribution on 7;(0)" com-
ing from the droplet size.

5. The hydrodynamic zone

The flow stretch, shown in Eq. (21), 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 6 — 0, we neglect the
flow viscosity and only consider the zeroth-order solu-
tions which are governed by Egs. (2), (6) and (7) with
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boundary conditions being u(1) = —U, u(0) = v(1) = 0.
The flow density on either side of the flame is given by

1 X > xg,
b py = p4/P5 X <X

Since the spray effect is being O(¢), 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

(25)

u=2F(x) and v= fy%F(x). (26)

Following the standard procedure used in Kim and
Matalon [4] and Tien and Matalon [16], the flow field of
the unburnt side of the flame can be found as

u=Clx—1) +U(x—2)x,

(1)
v=—y(C+U)x-1),

where C is a parameter determined by the following
equation:

%pw(xf — 1y [M—xt} (c+uy +%U(C—|— U)

Pw

e — 17| 102
(g —2) = 2—— ~—=0. 2
X |:xt(x1 ) o +2 Fe 0 (28)
For the flow stretch, we find
10
;6()10):—2((7—0— U)x—1), x>x. (29)

Since 7y = lu(x;) near the upstream side of the flame,
the flame position should be finally identified by the
coupling of Egs. (20), (21), and (27)—(29).

Sample calculations based on Egs. (20)-(24) and
(27)—(29) on iy and x; for methanol burning in air are
now considered in a nonconserved manner in which the
initial gas-phase composition is fixed, i.e., g 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 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 (y), flow stretch (K), and Lewis
number (Le). Here #; and y show the internal heat
transfer (heat gain or heat loss) for the fuel spray. We
use U instead of K as a measurable variable to represent
flow stretch in the problem because there is a linear re-
lationship between U and K [12]. Lewis number is de-
fined as 2'/(p;;CpD;) 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 pre-

mixture of &g = 0.8 and &g = 1.5, corresponding to
Le =1.0371 and 0.9477, respectively, are adopted to
show the influence of nonunity Lewis number.

6. Lean spray flames with Le > 1

Considering the effects of the liquid fuel loading, the
interaction between the internal heat transfer associated
with liquid droplets evaporation and the flow stretch on
the dilute spray flames is first examined by investigating
the prevaporized sprays (#{<r.) in which no liquid
droplet exists downstream of the flame. Fig. 2 shows the
flame propagation flux (7izp) and the flame position (xy)
of lean methanol-spray flames as functions of U and 7y
under completely prevaporized conditions (7 < 7). Since
the flame in stagnation-point flow suffers a positive
stretch, the increase of flow stretch would be expected to
result in the decrease in burning intensity for Le > 1.
Therefore, the upper and lower branches of the C-
shaped extinction curves correspond to the stable and
unstable solutions, respectively, and are conjoined at
critical points represented by the symbol e. The critical
points are identified as conditions of flame extinction.
For a given y, the increase of U first leads to decreases of
both sy and x; indicating that a weakened flame sits
closer to the wall enduring a larger flow stretch, and fi-
nally results in flame extinction when the flow stretch is
large enough. This is mainly caused by the suppression
of burning intensity by flow stretch for an Le > 1 flame.
However, the decrease of U shows an opposite trend in
response to the flame flux, and eventually leads to flame
flashback [11,13] denoted by the symbol M. The lean
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Fig. 2. Variations of the flame flux (71,) and the flame position
(xx¢) with the flow stretch (U) and the liquid fuel loading (y) for
lean spray flames with Le = 1.0371.
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spray flame with the larger y providing additional in-
ternal heat gain resulted from burning the secondary
gasified fuel, will be extinguished at a larger flow stretch,
as shown in Fig. 2. We understand that extinction of a
lean spray flame with Le > 1 is mainly dominated by the
external heat loss associated with the flow stretch, and is
modified by the internal heat gain coming from the
spray. Finally, the flammability limit identified by the
distance between the maximum and minimum flow
stretch is found to widen with increasing y, for a lean
spray flame with Le > 1.

Concerning the partially prevaporized sprays
(] > r7), the influence of the initial droplet size on flame
characteristics is shown in Fig. 3 for a lean methanol-
spray flame of &g = 0.8, y = 0.04, and Le = 1.0371. Fig.
3 shows that with increasing 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 (r/<r.), and ap-
proaches that for a homogeneous mixture (y = 0). This
illustrates 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. Considering the
droplet gasification process for a lean spray, the liquid
fuel absorbs heat for upstream prevaporization, pro-
duces the secondary gasified fuel for bulk gas-phase
burning, burns through droplet combustion afterwards,
and finally results in internal heat gain. A lean spray
containing larger droplets with weaker prevaporization
upstream of the flame provides a smaller amount of
internal heat gain, and therefore has a diminished
burning intensity. Hence, it can be extinguished by a
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Fig. 3. Flame flux (si9) and flame position (x) as a function of
the flow stretch (U) with various values of 7/ for a lean spray
flame (&g = 0.8, y = 0.04, and Le = 1.0371).
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Fig. 4. The flame flux at extinction s as functions of the flow
stretch (U) and the liquid fuel loading (y).

smaller flow stretch. Furthermore, the extent of flam-
mability for a lean partially prevaporized spray with
Le > 1 decreases with increasing droplet size.

The flame propagation flux at extinction, 7, as a
function of U is shown in Fig. 4 for various values of |
and y in lean sprays. Results show that the g value is
decreased with increased r/ or decreased y, and also
approaches the asymptotic value, exp(—0.5), identified
as the flame flux at extinction of a homogeneous pre-
mixture according to the flame quenching theory [3]. It is
expected that increasing 7/ or decreasing y suppresses the
droplet vaporization, and results in a weaker spray
burning approaching to the homogeneous burning.
Therefore, the value of U at extinction is also decreased
with increased #{ or decreased 7.

7. Rich spray flames with Le < 1

Fig. 5 shows the flame propagation flux (siz) and the
flame position (x;) of rich methanol-spray flames
(&g = 1.5 and Le = 0.9477) as functions of U and 7y
under completely prevaporized conditions. Contrary to
the lean spray, the liquid fuel absorbs heat for upstream
prevaporization, producing the secondary gasified fuel
which is equivalent to an inert substance with no con-
tribution to burning for a rich spray, thus providing an
overall internal heat loss, and subsequently weakening
the flame propagation flux. The upper branch of the g
curve shows stable solutions, while the lower branch of
the x; curve represents the corresponding stable solu-
tions. From Fig. 5, the characteristic curve of y = 0 re-
veals that a homogeneous flame with Le < 1 has a larger
propagating flux and is pushed closer to the wall with
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Fig. 5. Variations of the flame flux (v7)) and the flame position
(x¢) with the flow stretch (U) and the liquid fuel loading (y) for
rich spray flames with Le = 0.9477.

increases in the flow stretch. Therefore, flame flashback,
rather than flame extinction, occurs for the homo-
geneous flame (y = 0). For a given U, the increase of y
(the increase of the internal heat loss) leads to decreases
in both 7y and x; because a larger y requires a larger
amount of heat absorption from flame to droplets for
upstream evaporation. Furthermore, it is noteworthy
that the flow stretch still dominates the flame charac-
teristics.

For partially prevaporized sprays, the response of
flame flux (sig) on the flow stretch is indicated in Fig. 6,
with various initial droplet sizes, for a rich methanol-
spray of &g = 1.5,y = 0.1, and Le = 0.9477. Fig. 6 also
depicts that with increases in 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 (v/<r.), and ap-
proaches that for a homogeneous mixture (y = 0). It is
expected that no flame extinction occurs with increasing
flow stretch, if the rich sprays (Le < 1) consist of a
smaller y. This characteristic is caused by the smaller
amount of internal heat gain and the enlarged burning
intensity resulting from flow stretch for Le < 1 flame.
Obviously, flow stretch still dominates flame character-
istics in these circumstances. According to Fig. 6, it is
found that the flame flux increases with increased flow
stretch or enlarged initial droplet size. The former is
caused by the enhancement of the Le < 1 effect; the
latter is due to the reduction of internal heat loss. Hence,
a rich methanol-spray (Le < 1) containing large droplets
endures a weaker upstream prevaporization, provides a
smaller amount of internal heat loss, and has an en-
hanced burning intensity. The upper branch of the 7
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Fig. 6. Flame flux (si19) and flame position (x) as a function of
the flow stretch (U) with various values of # for a rich spray
flame (&g = 1.5, y = 0.1, and Le = 0.9477).

curve for a partially prevaporized spray containing a
given value of #{ or the completely prevaporized spray
shows that the decrease of the flow stretch from a large
value first leads to a monotonical decrease of the flame
flux, finally resulting in flame flashback represented by
the turning point. Note that flame flashback occurs at a
smaller 77y when the spray has a smaller droplet size, as
shown in Fig. 6.

The variations of 71y and x; with U and 7] for the rich
methanol-spray flame with the liquid fuel loading
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Fig. 7. Flame flux (si19) and flame position (x) as a function of
the flow stretch (U) with various values of #/ for a rich spray
flame (&g = 1.5, y = 2.2, and Le = 0.9477).
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y = 2.2 are indicated in Fig. 7. Results show that the
flame flux (flame position) is reduced (increased) with
decreasing (decreasing) the flow stretch or reducing
(increasing) the initial droplet size. The former is due to
the suppression of the Le < 1 effect, the latter is caused
by the enhancement of heat loss coming from methanol
vaporization. The characteristic curve of flame flux for a
given value of #/(#/ < r/" =21.7 um) shows that by de-
creasing the flow stretch from a large value, the flame
flux initially influenced by the partially prevaporized
spray is monotonically reduced and eventually ends at
the completely prevaporized condition, therefore, flame
extinction does not occur. However, Fig. 7 further
shows that the rich-methanol flames (Le < 1) enduring
small flow stretch can be extinguished, if droplet sizes
are large enough (7] >#" =21.7 um). Considering a
spray with a fixed amount of 7y, a larger droplet size
provides the flame with a smaller heat loss. Therefore,
flame extinction occurs as the flame endured a smaller
flow stretch. The S-shaped extinction curve (a triple-
valued function) which differs from the C-shaped one (a
double-valued function) points out that the flame ex-
tinction is dominated by internal heat loss under the
condition of Le < 1 spray flames experiencing smaller
flow stretch. Fig. 7 also indicates that under the influ-
ences of methanol spray and flow stretch, the Le < 1
spray flames can be quenched in the region far away
from the wall. These interesting extinction characteris-
tics for the Le < 1 flame were not found in the prelimi-
nary results [13].
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Fig. 8. (a) The map of possible burning and S-shaped extinc-
tion curves for rich sprays (&g = 1.5 and Le = 0.9477); (b) the
flame flux at extinction (rzg) as functions of the flow stretch (U)
and the liquid fuel loading (y).

Fig. 8(a) shows the map of possible extinction curves
for rich sprays of ®g = 1.5. For the rich-methanol spray
with Le < 1, the S-shaped curve is found when it ex-
periences a partially prevaporized spray with the liquid
fuel loading and the droplet size large enough (in the
regionof y > y* = 1.7and 7, = r/* = 21.7 pm). The flame
propagation flux at extinction, g, as a function of U is
shown in Fig. 8(b) for various values of 7/ and y in rich
sprays. Results show that for a fixed amount of y, the g
and its corresponding flow stretch (U) at extinction are
respectively increased and decreased with increased ini-
tial droplet radius. This characteristic is the same as that
described in Fig. 7. Furthermore, for a fixed value of #|
the g and its associated flow stretch at extinction are
increased with increased liquid fuel loading. Considering
a rich spray with a fixed value of 7/, the increase of y
results in the increase of internal heat loss because the
secondary gasified fuel in a rich spray is equivalent to an
inert without any contribution to burning. Hence, ex-
tinction characterized by an S-shaped curve is achieved
as the flame endures a larger flow stretch.

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 and Lewis number on the flame
extinction and flame flashback of methanol sprays. The
concluding remarks are summarized as follows:

1. 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 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 strength weakened by the flow stretch can
be intensified when it consists of a larger amount of
liquid fuel loading or a smaller initial droplet size.
However, the external heat loss associated with the
flow stretch is found to strongly dominate the ten-
dency for flame extinction.

3. For the rich methanol-spray flame with Le <1,
flame flashback, rather than flame extinction, exists
in a completely prevaporized spray or a partially
prevaporized spray having a small amount of liquid
fuel loading. However, the flame extinction charac-
terized by an S-shaped curve can occur after endur-
ing a small flow stretch and experiencing a partially
prevaporized spray composed of the large enough
liquid fuel loading and sufficiently large droplet
size.

4. Flame extinction characterized by a C-shaped curve
for the Le > 1 flame is dominated by the flow stretch,
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while the S-shaped extinction curve for the Le < 1

flame is mainly influenced by internal heat loss.

In view of the theoretical results, we realize that the
understanding on flame extinction and flammability
limits should be verified by the experiment, and further
explored by considering a more realistic model with
advanced theoretical and numerical techniques. The
two-phase flow configuration considered here was first
introduced by Chen et al. [17] in their experiment. The
spray system is rebuilt and improved [18-20] to examine
the burning characteristics of spray flames. Notably, the
phenomenon of the droplets penetrating the flame sur-
face, defined as the partially prevaporized mode in the
present study, is apparent by using the enhanced spray
system and the well-controlled experimental parameters.
Detailed comparisons between this work and the ex-
perimental investigations [18-20] will be addressed in a
separate study in the near future.
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