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Abstract-The extinction of a dilute spray flame burning in a steady, one-dimensional, low-speed, 
sufficiently off-stoichiometric, two-phase flow, and experiencing the external heat transfer from the spray 
to a tube wall upstream is further analyzed. The external heat transfer results in globally external heat loss, 
excess enthalpy burning and external heat gain, respectively, to the spray system with increasing the wall 
temperature. However, the droplet gasification provides the overall internal heat loss and heat gain for 
rich and lean sprays, respectively. Therefore, the burning and extinction of the dilute spray flame can be 
fully described by the interaction between external and internal heat transfers in two spray models which 
were identified to be the completely and partially prevaporized burnings. The C-shaped and S-shaped 
extinction curves are clearly classified and mapped with parameters of the wall temperature, the overall 
external heat transfer and the initial droplet size. Variations of the extinction curves under the influence 
of transition from overall external heat loss to heat gain, and the jump between the completely and partially 

prevaporized burnings on flame extinction, are reported and discussed for both lean and rich sprays. 

1, INTRODUCTION 

IN THE theory of laminar flame propagation for dilute 
sprays [I, 21, it was generally concluded that the quali- 
tatively different behavior of lean and rich sprays 
can be described on the basis of the reduction of 
the gas-phase fuel concentration through mixture 
heterogeneity, such that the burning intensities of 
lean and rich sprays are respectively reduced and 
enhanced. Lin et al. [l] particularly pointed out that 
for a lean spray, the liquid fuel absorbs heat for 
upstream prevaporization, produces the secondary 
gasified fuel for the bulk gas-phase burning, burns 
through droplet combustion afterwards, and finally 
results in the internal heat gain. On the other hand, 
the secondary gasified fuel in a rich spray is equivalent 
to an inert without any contribution to burning, 
thereby producing the internal heat loss to the spray 
system. Therefore, the influence of internal heat gain 
or heat loss through the droplet gasification process 
on the flame propagation of dilute sprays has been 
subsequently studied by Huang et al. [3] in non- 
conserved systems which have constant gas-phase 
concentrations and various amounts of liquid loading. 
Results showed that for a rich spray, flame extinction 
can be identified from an S-shaped curve (a triple- 
valued function) if the rich spray is thick enough 
and consists of liquid droplets large enough, while no 
flame extinction occurs for a lean spray. 

In order to compare them [3] with the flame- 
quenching theory [4] of laminar premixtures by heat 

t Author to whom correspondence should be addressed. 

loss, shown as a C-shaped curve (a double-valued 
function), Liu and Lin [5] recently allowed the dilute 
spray system to experience the external heat loss up- 
stream of the premixed flame, through heat conduc- 
tion from the spray to a tube wall maintained at the 
constant inlet temperature (T-,). Using the same 
orders of magnitude in spray mass and the external 
heat loss, they found that there only exist C-shaped 
extinction curves for both lean and rich sprays. How- 
ever, the C-shaped curves can be modified by varying 
the liquid status in sprays, such as the initial droplet 
sizes (rLm) and the amount of liquid fuel loading (y). 

The competition between external and internal heat 
losses on the flame extinction of dilute sprays had 
been further emphasized [6] by the enhancement of 
upstream prevaporization which is achieved by 
increasing the wall temperature (7’“). In the case of 
T, > T-m, it was noted that the upstream spray 
experiences the external heat gain and heat loss when 
T, is respectively higher and lower than the flow tem- 
perature. For the completely prevaporized burning 
(CPB) spray in which liquid droplets complete evap- 
oration before reaching the bulk premixed flame, the 
extinction curve was independent of the enhancement 
of the upstream prevaporization. However, the 
enhancement of upstream prevaporization, influenced 
by a higher value of the wall temperature, weakens 
the partially prevaporized burning (PPB) of both lean 
and rich sprays. 

The extinction characteristics of dilute spray by the 
enhancement of upstream prevaporization are briefly 
summarized here by using Figs. 1 and 2 adopted from 
the previous report [6]. Figures 1 and 2 show the flame 
flux on extinction (tin) as a function of the external 
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NOMENCLATURE 

Dimensional quantities Greek symbols 
B’ frequency factor Y (1 --Z-d& 
c6G 

I+ 
specific heat small expansion parameter, T,/T, 
average molar mass i equation (6) 

til’p mass flux of a homogeneous premixture stoichiometric ratio 
Q' heat of combustion per unit mass of fuel ; equivalence ratio. 
R’ universal gas constant. 

Superscripts and subscripts 
Non-dimensional quantities * critical conditions 

A equation (5) , dimensional quantities 
h LG latent heat of vaporization, hLG/Q’ b boiling state 
K heat transfer coefficient, l’K’/&ti7 e state at which droplet is completely 
ril normalized mass flux gasified 
QL external heat transfer parameter E state at extinction 
T temperature, T’c’,,/Q’ f flame front 
T, activation temperature F, 0 fuel and oxygen 
x transformed coordinate G, L gas and liquid phases 
Y Y, = Y; and Yo = Y&/o V state at which vaporization initiates 
Z PblP’. - 03, co initial and final states. 

heat loss (Q,J for various values of r’_, and T, for a 
lean (4G = 0.8, y = 0.02) and a rich (J$~ = 2.0, 
y = 0.3) spray, respectively. Curves denoted by y = 0 
andr’ m < ri represent the extinction curves of homo- 
geneous premixtures and a CPB spray, respectively. 
It is clearly shown that there is a minimum wall tem- 
perature T, = 510.5 and 477.2 K in Figs. 1 and 2, 
respectively, to allow a jump from the CPB to PPB 
along the tiE line. If T, is larger than the minimum 
wall temperature, a critical value of the initial droplet 
radius (r’?& will then be determined to show that 
the extinction curve of a spray having r’_, < Pm is 
composed of an upper branch representing the PPB 
and a lower branch showing the CPB, e.g. r?, = 49.4 
pm at T, = 650 K in Fig. 1 and r?, = 38.7 pm at 
T, = 650 K in Fig. 2. The flame extinction is now 

controlled by the CPB which is originaliy identified to 
be unstable in the absence of the enhancement of 
upstream prevaporization. On the other hand, for a 
spray having r’_, > Pm, the flame extinction is tot- 
ally controlled by the PPB, and the S-shaped curve is 
reproduced to be inserted into the C-shaped curve. 

From the results described above, one may expect 
that flame extinction of a spray having both r’-, and 
T, large enough is strongly influenced by the internal 
heat transfer associated with the droplet gasification 
process. This phenomenon is similar to that of flame 
extinction of dilute sprays without external heat trans- 
fer [3]. However, in this preliminary investigation [6], 
the importance of external heat transfer was limited 
by the calculated value of T,, up to 650 K. In the 
range of selected T,, the spray experiences sim- 
ultaneously the external heat gain and heat loss 
upstream, but has a net amount of external heat loss 

FIG. 1. The flame flux at extinction tijlE as functions of the FIG. 2. The flame flux at extinction r& as functions of the 
external heat loss QL, the initial droplet radius r’_, and the 

wall temperature T,, for a lean spray. 
external heat loss QL, the initial droplet radius r’_, and the 

wall temperature r,, for a rich spray. 
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shown by a positive value of Q. The parameter of 
external heat transfer QL is determined by the 
upstream integration of the energy equation and 
energy balance between far upstream and far down- 
stream, and reflects the magnitude of overall external 
heat transfer. Therefore, we note that by varying T,, 
the spray system may globally have external heat loss, 
no external heat transfer and external heat gain for 
the cases of QL > 0, QL = 0 and QL. < 0, respectively. 
The case of QL = 0 is closely related to the excess 
enthalpy burning proposed by Weinberg [A. Taking 
a general view of the possibility of external heat trans- 
fer, one realizes that the interaction between external 
and internal heat transfer plays an important role in 
fully describing the extinction and burning charac- 
teristics of dilute sprays. 

In this report, we extend the preliminary results [5, 
61 to cover the whole range of external heat transfer. 
The transition from overall external heat loss to over- 
all external heat gain and the jump from the com- 
pletely prevaporized burning to the partially pre- 
vaporized burning on flame extinction will be 
investigated with parameters of the wall temperature 
and the initial droplet radius. The mathematical tech- 
nique used is the matched asymptotic analysis in the 
limit of large activation energy. We shall also restrict 
our analysis to dilute spray with the amount of liquid 
loading being of O(E) of the total spray mass, and to 
the external heat transfer being of O(E) in the upstream 
region of the bulk premixed flame. The small par- 
ameter of expansion E is the ratio of thermal energy 
to activation energy in the combustion process. 

2. THEORETICAL MODEL 

We adopt a one-dimensional coordinate system in 
which the premixed flame sits at the origin (x = 0), 
the two-phase combustible mixture approaches from 
x = -co and equilibrium reaction products move 
away toward x = + co, as shown in Fig, 3. By defining 

I  
I  

j Prevaporization j Gas-Phase 
I 
I ( with Hrternk Beat Tramfer ) 

(b) 
FIG. 3. Schematic diagram of (a) completely prevaporized, 

and (b) partially prevaporized burning sprays. 

a critical droplet size (rf) for droplets to achieve com- 
plete evaporation at the premixed flame front, we have 
completely prevaporized burning (CPB) and partially 
prevaporized burning (PPB) for sprays of r/em < rf 
and r’, > rf, respectively. We assume that droplets 
will start to vaporize, at x = x,, only when the gas 
temperature has reached the boiling point of the 
liquid. Droplets then ignite upon crossing the flame, 
and will extinguish at x = x, upon complete depletion 
of the oxygen in the gas mixture. However, in the case 
of rich sprays, only droplet vaporization is possible 
and x, indicates the complete evaporation of droplets. 
We further assume that the external heat transfer is 
proportional to (T- T,), and occurs in the upstream 
region of x, to 0. Finally, we assume that the fuel and 
oxidizer reaction for the bulk premixed flame is one- 
step overall, that the fuel droplets bum in the flame- 
sheet limit, and that constant property simplification 
applies. 

The conservation equations for heat and mass are 
given in Liu and Lin [5]. We designated the extent of 
gas-phase heterogeneity by the parameter Z = p&/p’ 
such that Z = 1 represents the completely vaporized 
state. Then, the non-dimensional equations for gas- 
phase continuity, and conservation of fuel, oxidizer 
and energy are, respectively, given by 

Zrhg = $1 -ZeJ2’3(1-Z)‘/3F(T, Y,) (1) 

(2) 

& 
( 

ZrilY,- &Y. = i;+fot?g 
> (3) 

-&(ZtiT- ;T) = -[+f&%$ --EK(T-T,)*(O) 

where 

(4) 

(6) 

and the function 

I 

1 forx,,<xQO 
H(0) = 0 forx>O (7) 

while x is the non-dimensional distance expressed 
in units of the preheat zone thickness. In equa- 
tions (l)-(4), the function F(T, Y,) and the con- 
stant parameters fF, f. and fT are, respectively, 
In [l + (T- T,)/h,], 1, 0, -hLG for the vaporizing 
droplet and In [l + (T- T,,- YO)/ALo], 0, - 1 and 
(1 - hLo) for the burning droplet. K and ti denote the 
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heat transfer coefficient for the external heat transfer, 
and the flame propagation flux normalized by the 
premixed value, Ijlb. 

Performing the inner and outer expansions, and 
following the detailed matching procedure of ref. [5] 
to match the inner and outer solutions, we have final 
results as follows : 

ti* = exp [T: (0)] (8) 

indicating that the flame propagation flux is expo- 
nentially affected by the first-order temperature down- 
stream near the flame. The amount of T: (0) can be 
expressed by equation (19) in ref. [5] with an 
additional term such as 

Setting Z = 1 to approach the condition of a homo- 
geneous premixture, we obtain 

ti’In(ti’) = -Q (10) 

where the parameter 

(TX-T,) G-,-T,) 

‘D 
- T  

;o 

shows the net influence of external heat transfer. As 
T, = Tmm, equation (9) and the second term of equa- 
tion (11) vanish to result in QL > 0 showing that the 
spray endures not only locally but also globally exter- 
nal heat loss discussed in ref. [5]. By increasing T,, 
the upstream spray starts to have both external heat 
loss and heat gain simultaneously, and the magnitude 
of QL begins to decrease. At the condition of QL = 0, 
heat is transferred through the tube wall from the 
high-temperature region ahead of the flame to the 
low-temperature region, and the net heat transfer to 
the spray system is zero. This is the so-called excess 
enthalpy burning [7]. An overall external heat gain 
(QL < 0) can be achieved as the wall temperature is 
large enough. 

Q,. and T, corresponding to the external heat trans- 
fer, and r’, and y associated with the internal heat 
transfer are selected as parameters in the calculation. 
Sample calculations for n-octane (CsH,8) burning in 
air are now considered in a non-conserved manner 
which maintains the initial gas-phase composition but 
varies the liquid fuel loading systematically. The rel- 
evant physical properties are referred to the earlier 
studies [l, 31. Results for lean and rich sprays are 
separately discussed in the following sections, 

3. LEAN SPRAYS 

Figure 4 shows the map of possible extinction 
curves for a lean spray of &. = 0.8 and y = 0.02. The 
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FIG. 4. The map of possible burning and extinction curves 
for a lean spray. 

corresponding extinction curves for T, = 700, 759.72 
and 800 K are also presented in Figs. 5-7, respectively. 
The point of (T., rLm) = (348.6 K, 0 pm) in Fig. 4 
corresponds to a homogeneous premixture enduring 
the external heat loss under T. = T-,. Therefore, the 
flame flux at extinction and the associated heat loss 
are, respectively, equal to e-o.5 and e- ’ which were 
identified by the flame-quenching theory [4] before. 
In the region of T, < 759.72 K and r’-, < 18.32 ,um, 
there exists only a C-shaped extinction curve under 
CPB conditions as shown by a dot-dash line in Fig. 
5. The rir, and the corresponding QL are constants in 
this region and larger than those of the homogeneous 
premixture. This is caused by the additional heat gain 
through burning the secondary gasified fuel from 
the droplet gasification process for a lean spray. As 
T, < 759.72 K and 18.32 pm < r’-, < 30.2 pm in Fig. 
4, C-shaped extinction curves are shown which are 
composed of a line of PPB spray and a curve of CPB 
spray with the junction on the upper branch of CPB 
sprays. With increasing the rLv,, the junction shifts 
toward the extinction point of the CPB spray along 
the dot-dash line, as shown in Fig. 5. However, the 
extinction conditions in such circumstances remain 
constant, (QL, tis) = (0.4963, 0.7045). In Fig. 4, the 
superscripts denoted by U, E and L represent the 
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FIG. 5. The flame flux ti as functions of the external heat 
loss QL and the initial droplet radius r’_, for a lean spray at 

T, = 700 K. 
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junctions of PPECPB curves occurring at the upper 
branch, the extinction condition and the lower branch 
of the CPB extinction curve, respectively. 

The area underneath the FGH line in Fig. 4 shows 
that the PPECPB extinction curves have the junc- 
tions on the lower branch of the CPB curve, and 
their flame extinctions are identified under the PPB 
condition, as described before [6]. It is further found 
that as r, < 510.5 K (area underneath the dashed 
line in Fig. 4), the flame flux at extinction (tijTE) first 
increases, then decreases, and finally approaches e-O.’ 
with the increase of the droplet radius [5]. However, 
at the condition of T, = 510.5 K, theextinction curves 
of PPB sprays are shifted inside the envelope of the 
CPB extinction curve, and the corresponding tiE 
decrease monotonically with an increase in r L,, as 
shown in Fig. I. 

In the region of BCGF in Fig. 4, the extinction 
curve consists of an upper branch corresponding to 
the PPB, a lower branch associated with the CPB, and 
a junction which belongs to the unstable branch of 
the CPB and shows flame extinction. This extinction 
curve can be shown by the curve of r’-, = 40 pm at 
T, = 700 K in Fig. 5. For the case of T. = 550 K, we 
had found [6] that by increasing r’-, beyond 33 pm 
(crossing line FG in Fig. 4), the flame extinction 
occurs at the condition of PPB instead of that of 
unstable CPB. This phenomenon was clearly pre- 
sented in the Introduction. From Fig. 4, it is noted 
that there exists a minimum wall temperature (510.5 
K) to allow a jump from the CPB to the PPB along 
the tiE line (Fig. I) by passing through line FG in 
which r L ‘* or, = r _ mr identified before. 

In considering a higher value of T,, e.g. T, = 
700 K in Figs. 4 and 5, we understand that by in- 
creasing the initial droplet radius, the upstream pre- 
vaporization can be enhanced to intensify the influ- 
ence of the internal heat transfer on the spray extinc- 
tion, Therefore, an S-shaped extinction curve is repro- 
duced on the basis of the spray having r’_, and T, 
large enough, as restricted in the region of GCDH in 
Fig. 4. In the case of T, = 700 K, the ti, line still 
jumps from CPB to PPB at r’-?, = 54.3 pm (on line 
GC in Fig. 4). 

According to the energy balance upstream of the 
premixed flame, the overall external heat transfer is 
zero as T, = 759.72 K, which is uniquely determined 
for a spray of &. = 0.8 and y = 0.02, and independent 
of the heat transfer coefficient K and the initial droplet 
radius. The extinction curves in response of K and 
r’, for QL = 0 are presented in Fig. 6. It is clearly 
shown that no flame extinction occurs for the homo- 
geneous premixture and the CPB spray, and the flame 
flux of the CPB spray is higher than that of the homo- 
geneous premixture because of the additional internal 
heat gain for a lean spray. We further find that as 
r’_, < 59.4 pm, the ti value is monotonically 
decreased by increasing the heat transfer coefficient, 
resulting in no flame extinction. Moreover, the S- 
shaped extinction curve governed by the PPB spray is 

FIG. 6. The flame flux ti as functions of the external heat 
transfer coefficient K and the initial droplet radius r’-, for 

a lean spray at T. = 759.72 K. 

obtained for a droplet size larger than 59.4 pm, as 
shown in Fig. 6. 

By further increasing the wall temperature, e.g. 
T. = 800 K, the external heat transfer gives an exter- 
nal heat gain denoted by QL < 0 in Fig. 4. Therefore, 
the burning intensities of the homogeneous pre- 
mixture and the CPB spray are strengthened with the 
increase in magnitude of external heat gain as shown 
in Fig. 7. Figure 7 shows that there exists an initial 
droplet radius to allow for the flame flux of a PPB 
spray being independent of the QL, i.e. 20.79 pm 
(on line AE in Fig. 4). As r’, < 20.79 pm and 
r’Lm > 20.79 pm, the ti are, respectively, enhanced 
and weakened in response to increasing the external 
heat gain. Flame extinction can be found as the spray 
has a droplet radius larger than 63.5 pm at T, = 800 K. 
It is interesting to note that for a very large value of 
rIern (200 pm in Fig. 7), the & and the magnitude of 
QL are closely equal to e-o.5 and e-‘, respectively. 
Finally, as we increase T, approximately above 854 
K, the flame flux of the homogeneous premixture, 
CPB spray and PPB spray are enhanced by the inter- 
nal heat gain, resulting in no flame extinction. 

The variation of the extinction curve for a spray of 
& = 0.8 and y = 0.02, having rl, = 40 and 80 pm, 
with different values of T, are shown in Figs. 8 and 9, 
respectively. Figure 8 shows that as T, < 598 K, the 

1.4 
18 

1.2 

0.4 
15 
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0.0 14 

QL 

FIG. 7. The flame flux ri? as functions of the exteinal heat 
gain QL and the initial droplet radius r’_, for a lean spray 

at T. = 800 K. 
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FIG. 8. The flame flux h as functions of r, and QL for a lean spray having r’, = 40 pm. 

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 

QL 
FIG. 9. The flame flux k as functions of TU and QL for a lean spray having r’, = 80 pm. 

flame extinction is controlled by the PPB, and the 
corresponding tia decreases to the condition of the 
CPB spray (r: = 40 pm) by increasing T,. The con- 
dition of (T,, rl-J = (598 K, 40 pm) is located on 
the line FG in Fig. 4. If we increase T, further, the 
flame flux of PPB spray (the upper branch of the 
extinction curve) is weakened, however, the lower 
branch of the curve and the condition of flame extinc- 
tion remain the same. In the circumstance of T, = 750 
K, it reflects that the ti of steady burning has rapid 
response to the small Q, but is insensitive to the large 
QL before flame extinction. No flame extinction occurs 
for T,, > 759.72 K, shown in Figs. 4 and 8. For the 
spray having largest droplet radius, t-L, = 80 pm in 
Fig. 9, the flame extinction is achieved under the PPB 
condition in the whole range of T,, variation. It is 
important to note that the riZa is independent of T, 
and QL, and closely equal to e-o.5 in Fig. 9. 

4. RICH SPRAYS 

For a rich spray of &. = 2.0 and y = 0.3, the poss- 
ible extinction curves are classified on the map in Fig. 

10, and illustrated in Figs. 11-13 for T, = 700,736.23 
and 800 K, respectively. The map of the rich spray 
(Fig. 10) is similar to that of the lean spray (Fig. 4), 
except that the ljla and the corresponding QL for the 

900.0 - 
No extinction ( rh enhanced) 

fh#fKlLl E 

L;O, .rh, )=(e-‘.C= ) rC~;aped(Pi’B-Cl%) 

FIG. 10. The map of possible burning and extinction curves 
for a rich spray. 
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FIG. Il. The flame flux ni as functions of the external heat 
loss QL and the initial droplet radius r’_, for a rich spray at 

T.= 700 K. 
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FIG. 12. The flame flux ti as functions of the external heat 
transfer coefficient K and the initial droplet radius r’_, for 

a rich spray at T, = 736.23 K. 
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FIG. 13. The flame flux ti as functions of the external heat 
gain QL and the initial droplet radius r’, for a rich spray at 

T,= 800 K. 

CPB spray are respectively smaller than e-O.’ and e- ’ 
because only the internal heat loss occurs in the drop- 
let gasification process. Under the specified condition 
of the rich spray, the T, for QL = 0 and the minimum 
T, allowing a jump from the CPB to the PPB along 
the riZE line, are determined to be 736.23 and 477.2 K, 
respectively. 

Figure 11 shows that as r’, < 27.3 pm, the flame 
extinction is identified under the extinction point of 
the CPB curve. By continuously increasing r ‘_ (D larger 

than 27.3 pm, the extinction condition varies along 
the lower branch of the CPB curve, and jumps onto 
the S-shaped extinction curve of the PPB spray as 
r’-, = 40.2 pm (on line GC of Fig. 10). For the case 
of excess enthalpy burning (QL = 0 at T, = 736.23 
K), it is found that no flame extinction occurs for the 
CPB spray and the homogeneous premixture, and 
flame extinction can be achieved for the PPB spray 
having r’_, larger than 41.8 pm, shown in Fig. 12. As 
T, = 800 K, Fig. 13 shows that the ti of the homo- 
geneous premixture, the CPB spray and the PPB spray 
having r’_ 5. < 20.73 vrn are increased monotonically 
by increasing the strength of external heat gain. How- 
ever, the flame extinction occurs as r’-, > 45.9 pm 
(on line CD of Fig. 10). 

Finally, a typical variation of the ti curve in 
response to T, for a rich spray of $o = 2.0, y = 0.3 
and r’_, = 40 pm can be explored by using Figs. 2 
and l&13. As T, = T-, = 348.6 K [S, 61, theti curve 
is located between the envelopes of the homogeneous 
premixture and the CPB spray. The tiE and QL at 
extinction are decreased with increasing the T,. This 
shows that a rich spray flame experiencing larger 
values of T, will be extinguished earlier due to the 
enhanced upstream prevaporization. A jump from the 
PPB to the CPB at extinction occurs approximately 
at T, = 699 Kin Fig. 10. As T, > 736.23 K, the overall 
external heat gain (QL < 0) prevents the spray flame 
from extinction. 

5. CONCLUSIONS 

We have further investigated extinction of the dilute 
spray flame which is burning in a steady, one-dimen- 
sional, low-speed, sufficiently off-stoichiometric, two- 
phase flow, and experiencing the external heat transfer 
from the spray to a tube wall upstream. A completely 
prevaporized burning model and a partially pre- 
vaporized burning model were identified on the basis 
of liquid droplet size for completing evaporation 
before the bulk flame. By varying the wall tempera- 
ture, the spray system may globally experience exter- 
nal heat loss, excess enthalpy burning and external 
heat gain, respectively. On the other hand, the lean 
and rich sprays have overall internal heat gain and 
heat loss, respectively, through the droplet gasification 
process. 

The burning and extinction of the dilute spray flame 
were fully described by the interaction between exter- 
nal and internal heat transfers in different spray bum- 
ing models. The C-shaped and S-shaped extinction 
curves were classified and mapped in response to the 
wall temperature and the initial droplet size. As the 
wall temperature was higher than a certain minimum, 
it was found that the flame extinction may be achieved 
on the condition of the completely prevaporized burn- 
ing which is originally identified to be unstable in 
the absence of the enhancement of upstream pre- 
vaporization ; and that the line of flame flux at extinc- 
tion has a jump between the completely and partially 
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prevaporized burnings by varying the initial droplet 
size. 

In view of this theoretical result, we realize that the 
understanding on flame extinction of dilute sprays 
should be further justified by the experiment, and 
further explored in considering a more realistic model 
with advanced numerical and theoretical techniques. 
From the open literature, it would be useful to suggest 
that the experimental set-up for combustion of liquid 
fuel spray in stagnation-point flow [8] and the mod- 
eling of counterflow spray combustion [9] could be 
used in advancing our recent results. 
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