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A theoretical study has been conducted on the role of the flamefront motion in droplet burning to
determine the range of validity of the classical quasi-steady theory in predicting the flame standoff ratio,
as well as its implication on transient fuel vapor accumulation/depletion. Recognizing that flamefront
motion can be induced by droplet surface regression, by initial conditions, and by far-field unsteadiness,
and that the flamefront standoff ratio is in general large, of the order of 10, it is phenomenologically
anticipated that small flamefront velocities can lead to large variations of the mass flow rate. Furthermore,
it is demonstrated that the influence of this flamefront motion can be characterized by a quasi-steady
parameter Qs, which is the product of the cube of the standoff ratio and the ratio of the gas to liquid
densities, such that the influence is large when it is O(1), and small otherwise. By working in the flame
coordinate and, hence, naturally allowing for this motion, and by further assuming gas-phase quasi-stead-
iness (in this coordinate), calculated results show that the standoff ratio continuously increases with time
for O(1) values of Qs but approaches a constant, which is close to but exceeds the d2-law prediction, when
it is sufficiently small. The present generalized transient formulation also provides a rigorous description
of fuel vapor accumulation effects related to the initial condition, demonstrates that these effects can
indeed be accounted for on the basis of gas-phase quasi-steadiness, and allows for the simultaneous inclu-

sion of far-field transient diffusion effects.

Introduction

The basic droplet combustion model was formu-
lated in the 1950s by Godsave [1], Spalding [2],
Goldsmith and Penner [3], and Williams [4] for an
isolated, single-component, constant-temperature,
droplet burning in a stagnant, oxidizing environ-
ment. Since the ratio of the gas density j to liquid
density gy, ¢ = p/p) is much smaller than unity for
applications not close to the thermodynamic critical
state [4], the gas diffusion time based on the droplet
size is much smaller than the droplet lifetime. As a
result, unsteady effects related to the regression of
the droplet surface can be neglected. This leads to
the classical quasi-steady (CQS) approximation for
droplet combustion, termed the d?-law, which is
characterized by the following features: (1) The
square of the droplet diameter decreases linearly
with time; (2) the flamefront standoff ratio, defined
as the ratio of the flame radius 7 to the droplet radius
Fy, Kogs = Ti/fy, is constant; (3) the flame tempera-
ture is constant; and (4) flame burnout is coincident
with complete droplet consumption. Experiments
have repeatedly shown that (1) largely holds, sub-
sequent to a brief, initial period of droplet heating
[1-3,5,6]. However, it has also been observed that
the standoff ratio and temperature of the flame may
not be constant [5,6], implying failure of the classical

d?-law to describe the cumulative heat release. A
number of studies have been subsequently carried
out that attribute these phenomena to various effects
of unsteadiness, which are not considered in the
classical theory. Reviews on droplet combustion can
be found in the literature [7,8].

To explain the discrepancy related to the flame
standoff ratio, Waldman [9] and Crespo and Lifidn
[10] analyzed the far-field transient diffusion effect.
It was suggested that since the gas velocity is in-
versely proportional to the square of the droplet ra-
dius, in a distance 7 far from the droplet surface
(7/Fg > 1/eV2 > 1), the local Péclet number becomes
O(e) and is therefore very small. The problem is then
described by an unsteady diffusive process, with the
inner field specified by fuel consumption rate at
the flame being equal to the fuel evaporation rate at
the droplet surface, as in the CQS approximation;
and the far-field unsteady effect was taken into ac-
count via multiscale matching [9,10]. It was shown
that the far-field unsteady effect induced by the
droplet surface regression contributes a correction
of the order of O(&!2) to the CQS solution.

Law et al. [6] and Botros et al. [11] subsequently
showed that unsteadiness can also be caused by ini-
tial conditions. Specifically, since a flame is initially
situated very close to the droplet surface upon ig-
nition, the fuel mass consumption rate at the flame
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is smaller than the fuel evaporation rate at the drop-
let surface. Furthermore, due to volume effects, the
amount of fuel vapor in the inner region to the flame
can be substantial, with accumulation of fuel mass
causing the outward spreading of the reaction front
after ignition.

In the gas-phase analyses of the CQS theory and
the far-field unsteady diffusion theory of Waldman
[9] and Crespo and Lifidn [10], it is assumed that
the droplet surface regression velocity, nondimen-
sionalized by the gas velocity at the surface, U, =
(dFydE)/ig, is respectively zero and O(g), and that the
mass flow rate across the reaction front, 1y, is always
the same as that at the droplet surface, 1. Implicit
in such derivations is also the assumption that the
nondimensional flamefront velocity, Uy = (d7/dF)/d,
is at most O(¢). However, as can be seen from feature
(2) of the classical theory, in order for the standoff
ratio x to remain constant, the flame must spread
with a nondimensional velocity, Uy = (dfg/dE)/i, =
Kcos (dFy/dP)/i,. Since the CQS theory predicts val-
ues of xcos of up to 40 for hydrocarbon droplets
burning in air, Uy can actually assume values sub-
stantially larger than O(¢). Consequently, by not ex-
plicitly considering the motion of the flamefront in
the derivations, previous theories are not self-con-
sistent and, indeed, violate mass conservation.

The present work rigorously develops the droplet
combustion model by properly maintaining mass
conservation, thereby shoring a physically sound
base on top of which unsteady effects such as far-
field diffusion and fuel vapor accumulations can then
be added and appropriately investigated. By placing
the initial position of the flame at the CQS value and
neglecting far-field effects, the present work exam-
ines the unsteady effect due to a regressing droplet
surface by explicitly treating the role of flamefront
motion. As a consequence, a new criterion is de-
duced that specifies situations under which the in-
stantaneous motion of the flamefront is indeed O(¢)
and thus negligible, thereby indicating when the d2-
law is adequate in describing the flamefront position.

In the following we sequentially present the anal-
ysis and criterion for global quasi-steadiness, for-
mulation of the problem, including the quasi-steady
model that takes into account the flamefront motion,
and calculated results demonstrating the depen-
dence of the dynamics of the flamefront motion on
the various system parameters.

Physical Analysis and Criterion

To begin with, let us investigate why and when the
motion of the reaction front is important. Consid-
ering that the ratio of the volume enclosed by the
flamefront to that of the droplet is s, a droplet-
surface regression rate of (di/di) = et produces a
total mass flow rate variation of the order of exd s
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between the droplet surface and the reaction front.
Thus the motion of the reaction front becomes im-
portant when

eidos = O(1) or exdos > 1 (1a)
and can be neglected when
extos < 1 (1b)

In arriving at the preceding criterion, we have made
the nonessential assumption that the density ratio for
the gas mixtures between the droplet surface and the
reaction front is O(1). We therefore define Qs =
eKtos as a nondimensional quasi-steady parameter.
Since x > 1, the classical theory can be applied when
¢ < 1and x = O(1). Thus, the effect related to the
motion of the reaction front becomes important for
Kcos ~ € V3 or larger. For hydrocarbon droplet
combustion in atmospheric air, ¢ ~ (1073 to 1072),
and the experimental standoff ratio xgqg typically
varies from 5 to 20. The mass flow rate variation, Qs,
is therefore of the order of 10~! to 102 indicating
that the motion of the reaction front is, in general,
important even if the combustion started out with
the flame situated at the quasi-steady value such that
the fuel vapor accumulation effect due to initial con-
ditions is minimized. These transient effects due to
the flamefront motion are further aggravated for
droplets burning in either asphyxiated or supercrit-
ical environments for which x > 1 and ¢ = O(1),
respectively [6,12].

The criterion given in equations la and 1b can be
easily understood in that Qs corresponds approxi-
mately to the ratio of the total mass of the fuel vapor
to the mass of the droplet. The motion of the fla-
mefront becomes crucial when the total mass of the
fuel vapor is of the order of that within the droplet.
The CQS theory is therefore adequate only when
the total mass of the fuel vapor enclosed by the re-
action front is much smaller than that of the droplet.
The importance of the motion of the flamefront is
also exhibited when the initial conditions are differ-
ent from the CQS solutions. For example, if after
ignition the reaction front is initially situated at a
position closer to the droplet surface than that pre-
dicted by the classical theory, as mentioned earlier,
the evaporation rate at the droplet surface would be
larger than the consumption rate at the reaction
front. Such an event results in fuel vapor accumu-
lation between the droplet surface and the flame,
causing the flame to move away from the surface [6].
Similar arguments then reveal that this mass accu-
mulation effect is important when ex® = O(1) or
e > 1.

We note in passing that from consideration of the
far-field transient diffusion effect, Williams [13] de-
duced that when

=2
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CQS theory cannot describe the flamefront position.
Clearly, when the group of parameters within the
square brackets of criterion (2) is O(1), Williams’s
criterion is similar to ours obtained by considering
the role of flamefront motion. However, at the late
stage of droplet burning, when the droplet radius
becomes much smaller than its initial radius, 7, <
70, criterion (2) suggests that droplet burning will
always be describable by the CQS theory which is
different from the present reasoning.

Formulation

To quantify the importance of the motion of the fla-
mefront, we consider an isolated, single-component,
droplet burning in a stagnant, oxidizing environ-
ment. For simplicity, we assume an infinitely fast,
one-step overall reaction and constant values of the
molecular weight, specific heat s thermal conduc-
tivity 7, and density-weighted diffusivity pD. Vari-
ables overscripted with “~” are dimensional. The
mass, energy, and species conservation equations, in
a reference frame moving with the reaction front,
are

ap o .
PER if + 27pU; = 0 (3a)
ot ox
. oT ofT 1 0 (_.oT
2 —= 4+ i —= = — =2l —
ot X Cp ox X
+ 29 5o (3b)
%
ot ox ox ox
- P2p& (3¢)
oY oY 9 _ 9Y,
pre —2 i —2 = — (FZ”D —f’)
ox ox ¢
— F2yoWopd (3d)
where
m = pla — Upr2, di = di — Udi  (3e)

7 is the radius, 17t the mass flow rate, i the gas ve-
locity, Uy the moving velocity of the flamefront, ¥,
and Yo the mass fractions of fuel and oxygen, re-
spectively, T the temperature, Q the heat release rate
per unit mass of fuel, p the density, @ the reaction
rate, and vy and W, the molar stoichiometric coef-
ficient ratio and the molecular weight ratio of oxygen
to fuel, respectively.

The boundary conditions in the far field from the
droplet are

Fo- oo T

T., Yp =0,

Yo = Yo., @ =0 (4a)

while those at the droplet surface are
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Mass conservation
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3¢, dt

where L is the latent heat of vaporization. For a gen-
eral description of the problem, the Clausius-Cla-
peyron equation is needed to determine the mass
fraction of fuel in the gas phase at the droplet sur-
face; however, it is not essential for the present study,
and we close the formulation by assuming that the
surface temperature of the droplet is a constant, T

Quasi-Steady Approximation with
Consideration of Flamefront Motion

As discussed earlier, a very small moving velocity
of the flamefront can induce a significant modifica-
tion of the mass flow rate. In the present analysis,
we consider situations for which koo = Ole~ %) >
1 with ¢ < 1, and with the moving velocity of the
flamefront having a magnitude

U= = e = 0@ < 1 (5)

The difference in the mass flow rate between the
droplet surface and the flamefront is

(mf/ﬁts - 1) ~ - 1
pSr;uS
~ ~2 U
~ - (ﬂ”—g—f) - o) ()
pS rS uS

for O(1) density ratio p¢/p,. The nonlinear coupling,
appearing in equation 3, indicates that general so-
lutions to the unsteady droplet combustion problems
are difficult to obtain. However, we do not expect
the unsteady effect (in the flame coordinate) to
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change the qualitative features. Thus by neglecting
the unsteady terms appearing in equations 3, 4, the
equations are simplified to the following quasi-
steady system in the flame coordinate,

om  2Up 0 dSt 281
_ — — = 5 _— = - —
P’ " 5E 92
o 8 7
m PR PR (7)
where we have introduced
1 (IR
dé = —Pe = dx, Pe = — (8a)
r pDF,
m i 7
m = —, u = —, r = =
My Uy Ts
x it
==, dt =X (8h)
rS TS
p T 0 L
P == == Q = g> L = —
Ps Ts st pes
e T Y -
T = 11 N an = o N ayp = YF (8(,')
Q U()‘VO
and
ST = T + g, SF = aF — Qp <9)

The boundary conditions are

r oo & =0, St = T + ap.
Sp. = —Qo (10)
and
r=rg: é = és, ST,s = Ts (11)
dSTq (lng
=~ = —H =~ =1-3S 12
dé ’ dé rs (12)

where H = L/Q and Pe is the Péclet number. The
problem is now similar to that in Ref. [4], in which
the influence of the droplet surface regression rate
is considered.

After integrating these equations using the bound-
ary conditions, we obtain the gradients for St and Sy

“;ig = —H exp <_ ‘[ mdé)
ds 5
déF _ (1 _ aF,s> exp (— J; mdf) (13)

and the spatial distribution for m, Sy, and Sg
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1+ Zp—wf(é, Pe), f(&, Pe) = [ pridé
» .

=5

& = Pe - & = Pe (14a)
Sy = (T, + “o,x) — HI(, Uy, Pe)
Sp = —ap. + (1 — ap)I(& Uy Pe) (14b)

with

I, Uy, Pe) = f {exp (— J: mdé)] dé  (14c)

where the fuel concentration at the droplet surface
is the same as that of the CQS approximation case,

1 + ay..
e ]
T. — T, +
with B = = — == %0= (15

H

For a given position of the flamefront, Pe and U can
be determined from the following two integral equa-
tions,

I(&, U, Pe) — B =0 (16a)

aovx

Ip(&, U, Pe) — =0 (16b)

1 — ap,
Equations 16a and 16b can only be integrated nu-
merically. However, before presenting the numerical
results, let us first analyze their properties.

When the flamefront is motionless, Uy = 0, equa-
tions 16a and 16b simplifies to the CQS approxi-
mation,

St = (T. + ap.) + H(1 + B)lexp(—¢) — 1]

Sp = —ag. — (I + ag.)lexp(—¢&) — 1] (18)
Pe = & =In(1 + B), &=l + ap.) (19)
refrg = In(1 + B)/In(1 + a.) = Kkcos  (20)

As noted in the Introduction, equation 20 gives a
moving velocity, Uy = drdt = Kkcgse. When xoos
= O(1), the effect of the motion of the flamefront
is of the order of ¢ and can be neglected. When rcqg
= O(e71), the CQS approximation is no longer
self-consistent, and the effect of the motion of the
flamefront must be taken into account.

Equations 16a and 16b determine Pe and Uy in
terms ry. For an evolution problem, the flamefront
position and its velocity are related via equation 5.
In this manner, for a given initial reaction front po-
sition and droplet size, we can completely determine
the trajectory of both the reaction front and the
droplet surface.

The existence of solutions for equations 16a and
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FIG. 1. Temporal variation of the square of the droplet
radius, standoff ratio, and flamefront position for a heptane
droplet (xcos = 30, Qs = 27) burning in the standard
atmosphere. The initial condition corresponds to the clas-
sical quasi-steady solution (CQS). r, = 2500 for this case.
The nondimensional droplet radius, flamefront position,
and time are defined as r* = 7/Fq, rff = Fe/igo, t* = T/
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FI1G. 2. Temporal variation of the square of the droplet
radius, standoff ratio, and reaction front position for an
ethanol droplet (x¢gs = 13, Qs = 2) burning in the stan-
dard atmosphere. The initial condition corresponds to the
classical quasi-steady solution (CQS).

16b, with boundary conditions given in equations
10-12, should be discussed. For this purpose, we
only need to know the behavior of I(£), given in
equation 14c, in the far field. In distances very far
from the droplet surface, the density variation is
small and can be neglected. After integrating equa-
tion 14c¢ with constant density, we find that I takes
the form

1 12U \

I(r,Pe) jrz exp( : T r) dr  (21)
For an outwardly spreading front with Uy > 0, the
integral is convergent, and we can expect the exis-
tence of solutions for equations 16a and 16b. For an
inwardly spreading reaction front with Uy < 0, I di-
verges, implying that solutions satisfying the bound-
ary conditions given in equation (10) do not exist.
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This singularity problem in the cold boundary has
been previously pointed out by Williams [4]. The
mathematical difficulty arises because, in the far
field, equation 7 is simplified to diffusion equations
with negative coefficients. Physically, this means that
the unsteady effect in the far field is important and
has to be considered in order to eliminate the sin-
gularity.

We are interested in the range of Uy of the order
of xcgse. The integral, equation 21, converges for r
as large as (xcgse) ~! > 1. Therefore, solutions with
Up < 0 exist when computationally we replace the
boundary location r — % in equation 10 by a finite
value r,. When the far-field unsteady effect is con-
sidered, the largest contribution to the integral
comes from the region near the reaction front. Thus
it is reasonable to expect that changing the far-field
boundary location would not affect the results very
much.

Results

As mentioned earlier, the critical parameter gov-
erning the global validity of the CQS theory is the
ratio of the fuel mass in the gas-phase region to that
of the droplet, namely Qs = ex¢os < 1. With ¢ being
much smaller than unity in subcritical conditions for
hydrocarbon fuels, we examine the flame behavior
as a function of the magnitude of x¢s. The physical
cases to be presented are n-heptane burning in air
(kcos = 30, Qs =~ 27), ethanol burning in air (ks
= 13, Qs =~ 2), and ethanol burning in pure oxygen
(kcos = 6.7, Qs =~ 0.3). An artificial case of Kgos =
4 (Qs ~ 0.07) is also presented to represent situa-
tions of very small Qs. The property values used in
the calculations are those given in Ref. [9]. We also
examine the flame behavior due to the initial con-
dition, that is, when the flame position initially cor-
responds to the CQS solution and when it is initially
displaced from CQS. In all calculations, r,, = 1500
is used for the boundary location of equation 10. We
have also used r, = 2500, with no significant differ-
ences noticeable.

Figures 1 through 4 represent cases in which the
flame is initially located at the position determined
by CQS theory, with Uy = 0 at t = 0, for the first
four cases mentioned earlier. It is seen that as the
droplet evaporates and its surface regresses, the fla-
mefront spreads inwardly (Up < 0). For the cases
when the standoff ratio is large, as for n-heptane and
ethanol burning in air (Figs. 1 and 2), x increases
with time and tends to infinity as the droplet size
goes to zero. With Qs > 2, the flame response cannot
be maintained by the CQS solution. Physically, this
is because the volume of fuel vapor is so large—in
fact there is more fuel mass in the gas phase than in
the liquid phase of the droplet—that the flame prac-
tically does not respond to changes in droplet size.
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FI1G. 3. Temporal variation of the square of the droplet
radius, standoff ratio, and reaction front position for an
ethanol droplet (kogs = 6.7, Qs = 0.3) burning in pure
oxygen. The initial condition corresponds to the classical
quasi-steady solution (CQS).
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FIG. 4. Temporal variation of the square of the droplet
radius, standoff ratio, and reaction front position for a theo-
retical droplet (kcos = 4, Qs = 0.07) burning in pure
oxygen. The initial condition corresponds to the classical
quasi-steady solution (CQS).
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FI1G. 5. Temporal variation of the square of the droplet
radius, standoff ratio, and reaction front position for a eth-
anol droplet (xcos = 6.7, Qs = 0.3) burning in pure ox-
ygen. The droplet is ignited at a radius smaller than the
classical quasi-steady solution (CQS). r;, = 2500 for this
case.
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F1G. 6. Temporal variation of the square of the droplet
radius, standoff ratio, and reaction front position for a theo-
retical droplet (xgos = 4, Qs = 0.07) burning in pure
oxygen. The droplet is ignited at a radius smaller than the
the classical quasi-steady solution (CQS).

Thus, with a large flame standoff ratio, the mass of
fuel consumed by a relatively small displacement in
the flame location is of the order of the mass of the
droplet. This explains the small change in the flame
position r{f = 7/ o of Figs. 1 and 2 during the entire
droplet lifetime. For ethanol burning in pure oxygen
(Fig. 3), Qs ~ 0.3 < 1. Thus, while « still increases
with time, it does not tend to infinity. Instead it ap-
proaches a finite value as the droplet size goes to
zero. For this case, since there is more fuel mass in
the droplet than in the vapor outside it, the flame
(rf* of Fig. 3) can respond to the regressing droplet.
Consequently, x is close to the CQS solution, but
slightly exceeding it as previously shown in Ref. [6].
Finally, for our theoretical fuel (Fig. 4), which pos-
sesses a small standoff ratio with Qs ~ 0.07, we find
that the CQS solution is a satisfactory approximation.
The flame position is largely dictated by the instan-
taneous mass flow rate of the fuel vapor from the
surface of the droplet. Finally, we see that for all
cases presented in Figs. 1 through 4, the approxi-
mate linearity of 7 — vs — fis very well kept.

We next incorporate effects of the initial flame dis-
placement from the CQS position. Figs. 5 and 6 rep-
resent the same cases as Figs. 3 and 4, respectively,
but with the flame initially located at r* < ricos,
due to ignition at a position closer to the droplet
surface. For these two cases, the flamefront initially
spreads outwardly (U > 0) because the evaporation
rate at the droplet surface is larger than the con-
sumption rate at the flamefront, resulting in an ac-
cumulation of the fuel vapor between the droplet
surface and the flame [6]. As x moves towards the
CQS position, it is obvious from Figs. 5 and 6 that
the time scale for this quasi-steady accumulation ef-
fect decreases dramatically with decreasing xcqs.
With a naturally smaller standoff ratio, the amount
of fuel vapor needed to be built up to approach the
fuel concentration profiles of CQS state is consid-
erably less. As shown in Fig. 6, for the theoretical
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fuel (Qs ~ 0.07), the flame reaches the steady state
close to the CQS state within a time scale much
shorter than the droplet lifetime. Therefore, similar
to the arguments for the previously discussed deple-
tion effect, the quasi-steady mass accumulation ef-
fect is important and constitutes a significant portion
of the droplet lifetime when Qs = O(1) and can be
neglected when Qs < 1.

As can be seen from the preceding results, the
qualitative effect of the flamefront motion primarily
depends only on Qs. For the cases where the flame
standoff distance is initially closer to the droplet than
predicted by the CQS theory, the physical flame size
rif initially increases and then decreases (Figs. 5 and
6), as predicted by the transient theories. Neverthe-
less, regardless of how « responds, the results evince
that the d>-law is adequate in predicting the vapor-
ization rate and the instantaneous droplet size. As
discussed in many previous works [7-10], even
though significant changes continuously occur in
regions far away from the droplet, the droplet evap-
oration rate is primarily controlled by processes in
its vicinity. We have examined the vapor and tem-
perature profiles predicted by the present theory for
n-heptane and have found that the temperature/
mass fluxes at the droplet surface are fairly constant
in time, notwithstanding changes far away. Apart
from the initial transient, Pe at the droplet surface
remains fairly constant, and the magnitude of Uy is
on the order of xe, consistent with our analysis.

Concluding Remarks

The new criterion given in equations la and 1b
allows us to address the long-standing question of
the validity of the application of the d?law to de-
scribe the droplet combustion process, especially the
empirically observed flame-front motion. When the
quasi-steady parameter Qs is much smaller than
unity, the d2-law is a good approximation to describe
the flame position, and the effect of fuel vapor ac-
cumulation or depletion is relatively weak. However,
for Qs = O(1), the motion of the reaction front con-
stitutes a crucial factor in the problem, directly af-
fecting the stand-off ratio and producing a significant
difference of that value with the CQS theory. In such
a case, the adoption of the d2-law leads to incorrect
estimates on the heat release rate during droplet and
spray combustion. Our quasi-steady solution incor-
porating the motion of the reaction front confirms
the criterion given in equations la and 1b. Further-
more, all present results related to effects of fuel
vapor accumulation are consistent with those previ-
ously predicted by a phenomenologically motivated
formulation and observed experimentally on the
movement of the flamefront for large and small
flame sizes [6].

The present criterion also explains the seemingly
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contrasting results of Marchese et al. [14], which
suggest that the CQS solution attracts the unsteady
solution from ignition and that the mass accumula-
tion effect is weak for their microgravity experiments
with methanol/water droplets, as compared with
those of King [15], which show that quasi-steady
conditions are not reached during the entire life-
time of n-heptane droplets burning in air. The dif-
ference is due to the small flame sizes (xgos ~ 4) of
Ref. [14], versus the substantially larger flame sizes
(kcos ~ 30) of Ref. [15], due to the unity Lewis
number assumption. Finally, the unsteady numerical
calculations of Ref. [14], for g ~ 4, has produced
results that are very similar to those of the CQS the-
ory, indicating that far-field unsteady diffusion ef-
fects treated in Refs. [9] and [10] are not the primary
source for the flame unsteadiness. Thus it appears
that for subcritical burning, the role of far-field un-
steady diffusion is primarily mathematical in nature
in that it eliminates the cold boundary singularity
imposed by the quasi-steady assumption.
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COMMENTS

Jerry M. Seitzman, Georgia Institute of Technology,
USA. Regarding droplet lifetime, how do your results quan-
titatively differ from those of the quasi-steady-state model?

Author’s Reply. The droplet surface regression rate is not
affected much from the d?-law value, as is usually the case
for droplet burning in the absence of intense droplet heat-
ing. However, because the rate of fuel gasification at the
droplet surface is not the same as the rate of fuel con-
sumption at the flame front, due to flame-front motion with
associated fuel vapor accumulation/depletion, the heat-re-
lease rate can be significantly modified. Thus, in direct re-
sponse to your question, the droplet lifetime is close to that
predicted by the d?-law; however, the actual combustion
time may be significantly different.

F. A. Williams, University of California—San Diego, USA.
I believe that your analysis has special relevance to the final
stage of droplet combustion. Purely computational ap-
proaches have difficulty in describing the burn out of the
small fuel vapor cloud that remains after the droplet dis-
appears. Your considerations could help to clarify this.

Author’s Reply. We believe our analysis is of relevance
to the entire period of droplet burning, simply because we
have enforced strict mass conservation by explicitly consid-
ering the motion of the flame front. As a result, the present
work has shown that when the stand-off ratio is large
enough, a fuel vapor pocket remains after the disappear-
ance of the droplet. As you have pointed out, it is worth
extending our analysis to this regime so that the phenom-
enon at this final stage of droplet combustion can be better
understood.
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