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The present paper is concerned with combustion of an initially spherical kernel of cold fuel, which in a hot
oxidizing atmosphere is suddenly put into motion. The investigations are within the framework of an
axisymmetric geometry and the flame-sheet model. After a brief description of the aerodynamics of the burning
process, including deformation and breakup of the fuel kernel, attention is focused on the study of the
combustion time t9comb, which by definition is the time required to consume practically all the fuel. First, the case
of zero heat release is addressed. It is found that—due to deformation and straining of isoscalar surfaces—the
direct dependence of the combustion time on the magnitude of the diffusivity of heat and matter decreases
rapidly as the Reynolds number, Re, is increased. In particular, the combustion time t9comb becomes
independent of the magnitude of the diffusivity as soon as the Reynolds number exceeds a few hundred. In this
high-Re regime, t9comb is found to be proportional to the convective time t9conv multiplied by the square root of
the density ratio, Eq. 17. Next, the influence of heat release on the combustion time is studied. It is found that
at high Reynolds numbers the combustion time increases with increasing heat release. This increase is found
to be essentially due to the decrease of the scalar gradients, which in turn is caused by the gas expansion due
to heat release. Furthermore, the effect of heat release on the vorticity distribution is studied, and the relative
importance of baroclinicity and gas expansion on the vorticity production is assessed. Finally, the influence of
the stoichiometry of the reaction on the combustion time is briefly discussed. © 1998 by The Combustion
Institute

NOMENCLATURE

a90 initial radius of fuel kernel
c9p specific heat capacity of mixture at

constant pressure
e elongation parameter; see Eq. 9
F fuel
m9F instantaneous total mass of fuel; see

Eq. 8
Ox oxidizer
p9 pressure
p nondimensional pressure (5

p9/(r9̀ U90
2))

P products of chemical reaction
Pe Peclet number (5 a90U90/k9̀ 5 t9diff/

t9conv)
Pr Prandtl number (5 n 9̀ /k 9̀ )
q9 heat of reaction per unit mass of fuel
q nondimensional heat of reaction (5

q9/(c9pT 9̀ ))
Re Reynolds number (5 a90U90/n 9̀ )

rfl nondimensional average flame radius
T9 temperature
T nondimensional temperature (5 T9/

T 9̀ )
t9 time
t9conv convective time (5 a90/U90)
t9diff diffusive time (5 a90

2/k 9̀ )
t9comb combustion time
t nondimensional time (5 t9/t9conv)
U90 initial velocity of the fuel kernel
W90 deformation velocity of the fuel kernel
v nondimensional velocity (5 v*/U90)
Z mixture fraction
Zst stoichiometric value of the mixture

fraction

Greek Symbols

e temperature ratio (5 T 9̀ /T90)
e21 density ratio (5 r90/r9̀ )
k9 diffusivity of heat and matter
n9 kinematic viscosity (5 diffusivity of

momentum)
n stoichiometric coefficient; see Eq. 1
r9 density
r nondimensional density (5 r9/r 9̀ )
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t nondimensional combustion time (5
t9comb/t9conv)

v nondimensional vorticity (5 v9a90/U90)
D nondimensional Laplace operator (5

a90
2D9)

¹ nondimensional gradient operator (5
a90¹9)

Subscripts

F values of fuel kernel
0 initial values of fuel kernel
` values in the far field

Superscript

9 identifies a dimensional quantity

INTRODUCTION

In nonpremixed combustion, the occurrence of
inhomogeneities moving relative to the sur-
rounding gas is a common phenomenon. For
instance, in diesel engines or rocket motors,
concentration and density inhomogeneities are
generated by injecting fuel droplets into a hot
oxidizing atmosphere. Although the results of
the present study could be placed in a more
general framework, herein we concentrate on
aspects relevant to supercritical droplet com-
bustion. (Thus, we assume that in the vicinity of
the original liquid–gas interface supercritical
conditions prevail and that, therefore, this re-
gion can no longer be viewed as a discontinuity
in thermodynamic properties.) Because of its
particular relevance to high-pressure combus-
tion, where both pressure and temperature typ-
ically take values well beyond the critical values
of the fuel, the supercritical regime and the
conditions under which it is attained have been
the subject of a number of investigations; see,
for example, Refs. [1–8].

Available studies of droplet vaporization and
combustion fall into two categories. In the first
category, which is by far the larger, the assump-
tion of spherical symmetry has been adopted
under both subcritical and supercritical condi-
tions, thus neglecting the influence of nonuni-
form relative motion between droplet and am-
bient gas. In this category, recent studies have
devoted special attention to the thermodynamic

treatment of the liquid–gas interface, a partic-
ularly important point for transcritical droplet
behavior. To this end, cubic equations of state
have been used to determine the composition at
both sides of the interface and mixture critical
points [7]. Furthermore, for the spherically sym-
metrical case, analytical and numerical studies
exclusively devoted to the supercritical regime
have been conducted [1, 4, 9].

Studies in the second category have consid-
ered droplets moving relative to the ambiance
with significant Reynolds numbers. With only a
few exceptions, in these studies the important
assumption has been adopted that surface ten-
sion effects are sufficiently strong to maintain a
spherical droplet shape: the Weber number has
been taken as small. Under this restriction, the
gasification rate at the front of the droplet
surface has been evaluated on the basis of a
boundary-layer type analysis, which, typically,
has led to a square-root dependence of the
droplet lifetime on a characteristic diffusion
coefficient. Of course, the assumption of a small
Weber number is no longer acceptable under
near-critical conditions where surface tension
effects are vanishingly small. Therefore, for
large values of the Weber number, substantial
droplet deformation occurs, which can be ex-
pected to play an important role in mixing and
combustion. In this context, the present study
can be viewed as representing the limit of
infinite Weber number.

Pure mixing in the supercritical regime, with
combustion disregarded, has been addressed by
Lee et al. [10] in the framework of a constant
density assumption. In their paper, the defor-
mation process of an initially spherical kernel of
fuel in a hot oxidizing environment is described,
and the enhancement of mixing is inferred
without detailed examination of its dependence
on parameters. For subcritical vaporization, a
complete model, including two-phase flow,
high-pressure thermodynamics and effects of
finite surface tension, has been proposed and
successfully treated numerically by Deng et al.
[11]. Because of the simultaneous inclusion in
the model of a variety of complex physical
phenomena, the study of these authors can be
considered as a pioneering one. Recently, drop-
ping the constant density assumption, Daou and
Haldenwang [12] have investigated the physi-
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cally similar problem of the heating a puff of
cold fluid injected into a hot gas, particularly
focusing attention on the functional depen-
dence of the heating time on parameters. In
part, the present work can be considered as an
extension of the study in [12] to combustion
situations.

The organization of the present paper is as
follows. First, the physical model is presented.
Here the governing equations are given in non-
dimensional form, and the simplifying assump-
tions on thermodynamic properties and trans-
port properties are discussed. Then, using
cylindrical coordinates, the governing equations
are solved numerically. In the subsequent pre-
sentation of results, we first consider a typical
case characterized by substantial droplet defor-
mation. The aerodynamic features of the burn-
ing process are described, and useful temporal
quantities are introduced. This is followed by
the central issue of the paper, namely, the study
of the combustion time. First, the case of zero
heat release is considered, for which the asymp-
totic scaling laws governing the combustion
time in the limit of small and large Reynolds
number, respectively, are established. Then, the
influence of heat release is analyzed. In partic-
ular, in this context the vorticity distribution is
examined. Finally, the influence of the stoichi-
ometry of the reaction on the combustion time
is briefly discussed.

MODEL

The evolution of an initially spherical kernel of
fuel, which in a hot oxidizing atmosphere is
suddenly set into motion, is considered. Axisym-
metric flow at low Mach numbers is assumed.
The thermal conductivity, the heat capacity at
constant pressure, the molecular weight, and
the dynamic viscosity, all of the gas mixture, as

well as the products of the density with the
individual species diffusion coefficients are
taken as constants. The Burke–Schumann
flame-sheet model is adopted. Thus, equal dif-
fusivities of heat and matter are assumed, and
combustion is described by a single irreversible
and infinitely fast one-step reaction of the form

F 1 nOx3 P (1)

where F denotes the fuel, Ox the oxidizer, and P
the products. The stoichiometric coefficient n
represents the moles of oxidizer consumed per
mole of fuel. With these assumptions, the gov-
erning equations can be written in nondimen-
sional form as

r

t
1 ¹ z ~rv! 5 0 (2)

r
v
t

1 rv z ¹v 5 2¹p 1 Re21Dv (3)

and

r
Z
t

1 rv z ¹Z 5 ~RePr!21DZ (4)

Here ¹ and D denote the nondimensional gra-
dient and Laplace operator, respectively, Z is
the mixture fraction, Re is the Reynolds num-
ber, and Pr is the Prandtl number. Nondimen-
sionalization involving the initial kernel radius,
the initial kernel velocity, and the density in the
far field has been used; for details, the Nomen-
clature should be consulted. In Eq. 3 the gradi-
ent of a term involving the product of dynamic
viscosity and dilatation has been lumped into
the pressure gradient [13].

The density r is assumed to obey the ideal-gas
equation of state; it is easily shown that under
the above assumptions it is linked to the mixture
fraction Z by

r 5 5
@1 2 ~1 2 e! Z 1 qZ#21

F1 2 ~1 2 e! Z 1 q
Zst~1 2 Z!

~1 2 Zst!
G21

for

for

Z # Zst

Z $ Zst

(5)

Here Zst denotes the stoichiometric value of the
mixture fraction; e is the ratio e ;

T 9̀

T90
(6)
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of the initial temperature of the kernel, T90, to
the temperature in the far field, T 9̀ . The recip-
rocal of e, r90/r 9̀ , is the density ratio. The
quantity q is the nondimensional heat of reac-
tion per unit mass of fuel,

q ;
q9

c9pT 9̀
(7)

It characterizes the amount of heat release.
The initial conditions at t 5 0 correspond to

a spherical kernel of fuel with a nondimensional
radius of unity, which is placed around the
origin. Inside the kernel, the initial values Z 5
1 and v 5 ex are adopted. Here ex is the unit
vector in the axial direction. Outside the kernel,
the initial conditions are Z 5 0 and v 5 0. The
boundary conditions correspond to a stagnant
hot atmosphere at infinity, which contains oxi-
dizer but no fuel. Thus far from the kernel, at
any instant the conditions Z 5 0 and v 5 0
apply. Note that by virtue of Eq. 5, initially r 5
e21 inside the kernel and r 5 1 outside it.
Similarly, at any instant of time, far from the
kernel r 5 1.

The problem is specified in terms of five
nondimensional parameters: the Reynolds
number Re, the Prandtl number Pr, the density
ratio e21, the stoichiometric mixture fraction
Zst, and the heat-release parameter q. It is
convenient to introduce the instantaneous total
mass m9F of fuel,

m9F 5 m9F~t9! 5 E
V9

Z 2 Zst

1 2 Zst
r9 dV9 (8)

which will be used to characterize the overall
combustion time. In Eq. 8, V9 denotes the
volume of the kernel inside the iso-surface Z 5
Zst.

Numerical Considerations

Equations 2–4, in cylindrical coordinates, are
discretized using a finite volume approach. The
resulting difference equations are then solved
with a multigrid method [14, 15]. The extent of
the computational domain in both the axial and
radial direction is large compared to the initial
radius of the kernel. In each direction, the
extent of the domain was at least 40 times the

initial kernel radius, dimensions which numeri-
cal tests showed to be adequate for all cases
considered.

The grid used in the computations was a
nonuniform tensor–product grid with typically
400 3 200 grid points. To ensure grid indepen-
dence of the results, some cases were checked
with grids of up to 600 3 300 points. The grid
points were concentrated in regions of strong
spatial activity of the dependent variables, with
the aim of equidistributing the local spatial
truncation error. After each time step, the so-
lution of the governing equations was remapped
onto the domain such that the flame remained
located approximately at the origin of the coor-
dinate system.

The results to be presented below do not
show the full computational domain but only a
small portion of it. Due to the huge amount of
computed data, the temporal results were not
stored at all grid points but only at selected
ones.

RESULTS AND DISCUSSION

First, we consider a typical case corresponding
to Re 5 100, for which the flame and the fuel
kernel experience substantial deformation. This
provides a qualitative description of the aerody-
namic features of the problem and introduces
some temporal quantities characterizing the his-
tory of kernel burning. Second, we turn to the
central issue of this paper, namely, the determi-
nation of the combustion time. To better under-
stand the influence of heat release, we proceed
in two steps: first, the case of zero heat release,
q 5 0, for which we establish the asymptotic
scaling laws, and, second, the general case of
nonzero heat release, q . 0. Finally, the effect
of stoichiometry on the numerical results is
briefly described.

A Typical Case with Substantial Kernel
Deformation

A first appreciation of the hydrodynamics and
of the evolution of the burning process is pre-
sented for Re 5 100, Pr 5 1, e 5 0.1, Zst 5 0.8,
and q 5 2. Figure 1 shows four sequential
pictures for t 5 0.2, 4, 10, and 16. The
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instantaneous flame position is indicated by the
dotted line, which corresponds to the mixture
fraction contour Z 5 Zst; colors describe the
nondimensional temperature field T, whereas
arrows visualize the nondimensional velocity
field relative to a frame moving with a suitably
defined average velocity of the kernel. It is seen
that the kernel experiences a substantial defor-
mation, essentially a stretching in the direction
perpendicular to the flow. This deformation has
been attributed [16, 17] to the combined action
of nonuniform pressure distribution and vortic-
ity. The velocity field indicates the presence of a
large circulation region at the back of the
deformed kernel, with a vorticity core close to

its rim. The flame roll-up is seen to be quite
limited in this case; this roll-up is—as will be
discussed below—more pronounced at higher
Reynolds numbers and lower rates of heat release.

Figure 2 illustrates the evolution of four tem-
poral quantities: the total fuel mass, defined in Eq.
8, the mass-weighted average velocity of the fuel-
containing region (the region surrounded by the
flame), the radius of the flame area projected onto
a plane perpendicular to the axial direction, and
the flame equivalent radius. All quantities are
normalized with their respective initial values. The
equivalent radius is defined as the radius of a
sphere having the same volume as the fuel-con-
taining region. Examination of these quantities
reveals that the fuel mass decreases almost lin-
early with time, that the average velocity remains
substantial during the whole lifetime of the
kernel, and that the kernel deformation contin-
ually increases. The extent of deformation,
which alternatively may be termed nonsphericity,
can conveniently be quantified by a nondimen-
sional elongation parameter e, defined as

e 5
radius of projected area

equivalent radius
(9)

In terms of e, spherical flames are characterized
by e 5 1, flames stretched in the radial direc-
tion by e . 1, and flames stretched in the axial
direction by e , 1.

Fig. 1. Deformation and burning of the fuel kernel for Re 5
100, Pr 5 1, q 5 2, e 5 0.1, and Zst 5 0.8. Diffusion flame
represented by dotted mixture fraction contour, Z 5 Zst.
Arrows visualize velocity field relative to a frame moving
with the average velocity of the kernel. Colors describe the
nondimensional temperature field. Times t 5 0.2, 4, 10,
and 16, sequentially.

Fig. 2. Total fuel mass (solid line), average kernel velocity
(dotted line), equivalent flame radius (dashed dotted line),
and radius of flame area projected onto plane perpendicular
to the symmetry axis (dashed line) vs. time. All quantities
are nondimensional. Parameter values as for Fig. 1.
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Determination of the Combustion Time

A convenient way to characterize the global
intensity of combustion is to plot the instanta-
neous total fuel mass as a function of time, as in
Fig. 2, and to estimate from such a plot the time
after which practically all fuel has been consumed.
This time is referred to as the combustion time,
t9comb. It should not to be confused with the
combustion rate, which can be defined, for in-
stance, as the slope of a graph of the instanta-
neous total fuel mass vs. time. Understanding of
the combustion time is the key issue of the
present paper and, in particular, of this section.

Preliminary Dimensional Considerations

The nondimensional combustion time, t, can be
expressed in terms of the governing parameters
by

t 5 C~Re, Pr, e, q, Zst! (10)

Obtaining detailed knowledge of the function C
is a formidable task that will not be attempted
here. Simplifications are achieved by taking a
single selected value of the stoichiometric mix-
ture fraction and by studying first the case q 5
0 without heat release. Such simplifications
make it possible to appreciate the variation of t
in terms of the other parameters. Variations of
the form

t 5 F~Re, Pe, e! (11)

are considered with the Peclet number, Pe 5
Pr z Re.

It is important to investigate the asymptotic
behavior of the function F for large values of
Re and Pe and to examine the permissibility of
dropping the dependence on these parameters.
It will be shown that this is indeed permissible
as soon as the values of these parameters exceed
a few hundred and that then t assumes the
simple functional form

t 5 P~e! 5 F~`, `, e! (12)

It will be shown below, Eq. 16, that the function
P is proportional to the square root of the
density ratio,

t}Îe21 (13)

for high Pe. In the opposite low Reynolds
number limit, as expected (not shown here), the
asymptotic behavior of t is

t}e21 Pe (14)

for low Pe. In terms of dimensional quantities,
this represents the well-known result

t9comb}
r90
r 9̀

t9diff (15)

for low Pe for droplet vaporization and combus-
tion in a stagnant environment, even in the
supercritical case [1].

Combustion without Heat Release

The dependence of the combustion time on Re,
Pr, and e is considered for zero heat release,
q 5 0, and for a fixed value of the stoichiomet-
ric mixture fraction Zst of 0.8. The sensitivity of
the results to the value of Zst is discussed later.
These results are summarized in Figs. 3–5,
where the total fuel mass, initialized by its initial
value, is plotted against nondimensional time
for different values of Re. Figure 3, for Pr 5 1
and e 5 0.1, clearly shows the dependence of
the fuel mass on Re to become increasingly
weak as this parameter increases. This suggests
that Reynolds number similarity applies (the
dependence on Re can be dropped) as soon as
the Peclet number (in this case equal to Re
because Pr 5 1) is larger than about 200. The
same conclusion can also be reached from Fig.

Fig. 3. Normalized total fuel mass vs. nondimensional time
for different values of Re for q 5 0, e 5 0.1, Zst 5 0.8, and
Pr 5 1.
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4, which is for Pr 5 2 and e 5 0.1. Comparison
of Figs. 3 and 4 also shows that the dependence
on Pr can be dropped, provided Pe is sufficiently
large. Finally, when compared to Fig. 4, Fig. 5,
for Pr 5 1 and e 5 0.05, displays the influence of
the density ratio e21 on the combustion time t,
namely, a linear dependence at low Reynolds
numbers and a square root dependence at high
Reynolds numbers. Finally, the asymptotic be-
havior observed at high Re is further stressed in
Fig. 6, where five curves are plotted. Note that
(e) is identical to (d) but with the time divided
by =2. The curves corresponding to (a) to (c)
and (e) collapse to a single curve exhibiting the
independence of the normalized total fuel mass
on both Pr and Re as well as the square root
dependence on the density ratio.

At sufficiently high values of Pe, the nondi-

mensional combustion time takes the asymp-
totic form

t 5 CÎe21 (16)

for high Pe, where the value of the constant C
depends on Zst. In dimensional form, with C
replaced by the proportionality sign and with e
expressed in terms of the density ratio, Eq. 16
becomes

t9comb}t9convÎr90
r 9̀

(17)

for high Pe, showing that the dimensional com-
bustion time t9comb is proportional to the con-
vective time (based on initial kernel radius and
velocity) multiplied by the square root of the
density ratio. In particular, t9comb does not de-
pend on the coefficients of diffusion of mass and
heat, k`, and momentum, n`. Nevertheless, it is
informative to examine how diffusion of mass,
heat, and momentum are manifest at high val-
ues of Re. This is illustrated in Figs. 7 and 8 for
Re 5 250 but with different values of Pr. The
velocity fields are indistinguishable, and the
evolution of the flame, represented by the iso-
scalar surface Z 5 Zst, is almost identical in
both cases except for a small-scale difference
near the vortex core (compare the roll-up at
time t 5 6 in the two figures). If the viscosity is
varied such that the Reynolds number remains

Fig. 4. As Fig. 3, but with Pr 5 2.

Fig. 5. As Fig. 3, but with e 5 0.05.

Fig. 6. Five curves plotted vs. time, all for q 5 0 and Zst 5
0.8. (a) Re 5 250, Pr 5 1, and e 5 0.1, (b) Re 5 250, Pr 5
2, and e 5 0.1, (c) Re 5 400, Pr 5 1, and e 5 0.1, (d) Re 5
250, Pr 5 1, and e 5 0.05, and (e) is the same as (d) but with
the time divided by =2. The collapse of curves (a), (b), (c),
and (e) confirms the asymptotic form of the kernel lifetime
given by Eq. (16).
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large, even smaller differences are observed.
This illustrates the independence of the gross
characteristics of the flow on diffusive pro-
cesses. If the combustion time is independent of
the diffusion coefficient, then it is reasonable to
expect that this time should be of the same
order as a deformation time that characterizes
the deformation of the fuel-containing region.
The deformation time can be estimated as the
ratio of the initial kernel radius and a typical
deformation velocity, W90, say. Equating the
order of magnitude of the dynamic pressure
around the kernel, r 9̀ U90

2, with the order of
magnitude of the dynamic pressure inside the
kernel, r90W90

2, yields the estimate W90 5 e1/ 2

U90. The latter result leads, in nondimensional
variables, to a nondimensional deformation
time with the functional form of Eq. 16.

It is also straightforward to show with the aid
of Figs. 3–5 that for low values of the Peclet
number the asymptotic form of Eq. 14 holds.

Influence of Heat Release on Combustion
Time and Vorticity

It is reasonable to expect that the above results
for q 5 0 will be approximately valid for the
small heat-release situations frequently encoun-
tered when the gas surrounding the kernel is
sufficiently hot. It now will be shown that the
effects of heat release are qualitatively quite
different for low and high Reynolds numbers.
Although an increase in the value of q reduces
the combustion time at low values of Re, it
increases it at high values.

Shown in Fig. 9 is the normalized fuel mass

Fig. 7. Temporal sequence of pictures showing flame and
velocity field at—from top to bottom—t 5 4, 6, 8, and 10.
Re 5 250, e 5 0.1, Pr 5 1, q 5 0, and Zst 5 0.8.

Fig. 8. As Fig. 7, but with Pr 5 2.
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vs. nondimensional time for different values of
q at low Re, namely 0.1. Shown in Fig. 10 are
the same results with Re 5 100. Discussion
focuses principally on the latter. For low Re, the
combustion time decreases with increasing
heat-release q, although for short times the
combustion rate can be slightly higher for q 5
0. This indicates an initially reduced fuel flux to
the flame in the heat-release case, which can be
traced to a higher gas expansion blowing the
flame away from the kernel. The latter effect is
illustrated in Fig. 11, where the flame radius is
plotted vs. time for different values of q.

In contrast, Fig. 10 shows an increase in the
combustion time with increases in q. This is
because the heat release reduces the straining of
scalar surfaces and hence the overall combus-

tion rate, thereby increasing the combustion
time. It is to be expected that the deformation
of the fuel kernel and of the surrounding flame

Fig. 12. Flame shape (dotted line) and temperature field
(described by colors) at t 5 8 for q 5 0, 0.5, 2, and 10.
Re 5 100, e 5 0.1, Zst 5 0.8, and Pr 5 1.

Fig. 9. Normalized total fuel mass vs. nondimensional time
for different values of q for Re 5 0.1, e 5 0.1, Zst 5 0.8, and
Pr 5 1.

Fig. 10. As Fig. 9, but for Re 5 100.

Fig. 11. Normalized flame radius vs. nondimensional time
for different values of the q for Re 5 0.1, e 5 0.1, Zst 5 0.8,
and Pr 5 1.

153GASEOUS FUEL POCKETS



is diminished due to gas expansion as the heat
release is increased. This is clearly illustrated in
Fig. 12, which shows the flame shape and tem-
perature field at t 5 8 for q 5 0, 0.5, 2, and 10.
The flame roll-up is strongest for q 5 0. More
importantly, the flame and the fuel-containing
region experience stretching in a direction es-
sentially orthogonal to the symmetry axis, which
becomes weaker with increasing q. This is illus-
trated further in Fig. 13, where the elongation
parameter e is plotted against nondimensional
time. Here higher values of e obtained for
smaller values of q indicate an increasingly
substantial deformation of the fuel kernel and
the flame. They also provide a rough indication
of the straining of scalar surfaces at least in the
early stages of combustion where, in the
high-Re case, the effect of diffusive processes
on the overall behavior can be ignored.

The combustion time is examined for a fixed
value of the heat release parameter, q 5 2.
Shown in Fig. 14 is the normalized instanta-
neous total mass of fuel as a function of nondi-
mensional time for different values of Re. The
dependence of the fuel mass on Re decreases as
the latter is increased, although this is less
pronounced than in the case q 5 0. This can be
attributed to the smaller deformation when heat
release is present, which makes the direct con-
tribution of diffusive effects (more specifically,
the value of the diffusion coefficient) more
important. Another factor, which also increases
this contribution, is the decrease in the value of

density (and thus in the conservation equations
the magnitude of the convective terms com-
pared to that of the diffusive terms) that accom-
panies heat release over large parts of the flow
field. Shown in Fig. 15 are the same quantities
as in Fig. 6, but for q 5 2 instead of q 5 0.
From Fig. 15 it can be deduced that, even in this
case with q 5 O(1), for Peclet numbers some-
what higher than in the case q 5 0, e.g., Pe .
300, the asymptotic form given by Eq. 16 can be
used as a good approximation.

Finally, the influence of heat release on the
vorticity field is studied. Figure 12 shows flame
roll-up to be strongest for q 5 0. The axi-
symmetric vorticity transport equation reduces
to

Fig. 13. Elongation parameter e vs. nondimensional time
for q 5 0, 2, and 10. Re 5 100, e 5 0.1, Zst 5 0.8, and Pr 5
1.

Fig. 14. Normalized total fuel mass vs. nondimensional time
for different values of Re for q 5 2, e 5 0.1, Zst 5 0.8, and
Pr 5 1.

Fig. 15. As Fig. 6, but with q 5 2.
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v

t
1 v z ¹v 5 2v z ~¹ z v! 1

¹r 3 ¹p
r2

1
1

Re
Dv (18)

On the right, the first term represents the
production of vorticity by gas expansion, the
second production by the baroclinic effect. To
illustrate the way heat release affects vorticity,
we plot in Figs. 16–18 the spatial distribution of
four quantities: (a) vorticity production by gas
expansion, (b) vorticity production by the ba-
roclinic effect, (c) net vorticity production (sum
of (a) 1 (b)), and (d) the vorticity field. The
figures cover q 5 0, 2, and 10, respectively.

For q 5 0, Fig. 16, the vorticity production by
the two terms in Eq. 18 is nonzero because the
density distribution is initially nonuniform. The
size of the region of positive vorticity production
by gas expansion is comparable to that of the

region with negative production by gas expan-
sion. This is because, when heated, (expanding)
fluid particles spin less intensively, whereas, when
cooled, they spin more. With zero heat release,
the flame does not contribute to the modification
of this symmetric process. Gas expansion has
only a small role compared to the baroclinic
effect, which determines the net production of
vorticity. The maximum vorticity occurs in a
core around which flame roll-up takes place.

A comparison of Figs. 16(a), 17(a), and 18(a)
shows how vorticity production by gas expansion
is modified by heat release. The baroclinic effect
is sensitive to the heat release as can be seen
from Figs. 16(b), 17(b), and 18(b). The ba-
roclinic term changes sign across the flame, a
well-known phenomenon caused by the change
in sign of the density gradient across a diffusion
flame. The increase of the magnitude of the
density gradient at both sides of the flame due
to heat generation promotes both vorticity pro-
duction at one side and vorticity destruction at
the other. The essential action of the gas-

Fig. 16. Spatial distribution of: (a) vorticity production by
gas expansion, (b) vorticity production by the baroclinic
effect, (c) net vorticity production (sum of (a) 1 (b)), and
(d) vorticity field; all for q 5 0.

Fig. 17. As Fig. 16, but for q 5 2.
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expansion term in the vorticity transport equa-
tion is to decrease the magnitude and extent of
positive vorticity production by baroclinicity.

Examination of the vorticity in Figs. 16(d),
17(d), and 18(d) shows the maximum value is
slightly decreased for moderate heat release

(q 5 2) but can be increased for high values,
such as q 5 10. This local increase in vorticity
is due to baroclinic vorticity production. The
vorticity core responsible for flame roll-up is
spread with increasing values of q and has a
decreasing influence: it is hardly noticeable for
q 5 10. The vorticity spread is the clearest and
most obvious effect of heat release, and it is
also consistent with the decrease of the scalar
gradients. To obtain a general idea about the
overall effect of q on the vorticity, in Fig. 19
the volume average of vorticity over the fuel-
containing region is plotted against time. The
effect of moderate heat release on the reduc-
tion of the average vorticity is obvious.

Fig. 19. Volume-averaged nondimensional vorticity over
the fuel-containing region versus nondimensional time for
cases of Figs. 16–18, respectively.

Fig. 20. Temporal sequence of pictures showing the evolu-
tion of a flame for Zst 5 0.1, q 5 2, Re 5 100, Pr 5 1, and
e 5 0.1.

Fig. 18. As Fig. 16, but for q 5 10.
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Effect of Stoichiometric Mixture Fraction Zst

To complement the results presented above, we
briefly discuss the influence of stoichiometry. The
conclusions drawn above for Zst 5 0.8 can at least
qualitatively be expected to extend to lower values
of Zst, for example, down to 0.4. For very low
values of Zst, much of the burning occurs far
from the dense kernel. Figure 20 presents the
flame contour for Zst 5 0.1, with q 5 2 and Re 5
100. As a consequence of the reduced straining of
the flame associated with this broad combustion
region, the combustion time is increased. That
this indeed is the case is illustrated in Fig. 21,
where the normalized instantaneous total mass
of fuel is plotted against nondimensional time
for different values of Zst. It is seen that the
combustion time is substantially increased if the
value of Zst becomes sufficiently small.

CONCLUSIONS

Burning of a dense fuel kernel moving relative
to a hot oxidizing gas has been investigated
within the framework of a flame-sheet combus-
tion model. Axisymmetric flow conditions have
been assumed. The deformation features of
flame and kernel have been described and a
detailed analysis of the combustion rate has
been provided. The influence of heat release on
the vorticity distribution has been studied.

For zero heat release, it has been shown that
the influence of the magnitude of the diffusion

coefficient on the combustion time disappears
as soon as the Reynolds number, Re, exceeds a
few hundred and that a square root dependence
of the combustion time on the density ratio is
obtained. The zero heat release results have been
shown to hold also for moderate heat release.

For combustion with more than moderate
heat release, it was found that at low Re the
combustion time decreases with increasing rates
of heat release, q, whereas for sufficiently large
values of Re it increases with increasing q.

The present study was supported by the Com-
mission of the European Communities within the
framework of the Programme “Gravity Dependent
Phenomena in Combustion.”
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Fig. 21. Normalized total fuel mass vs. nondimensional time
for Zst 5 0.8, 0.5, and 0.2. Values of the other parameters
as in Fig. 20.
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