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Combustion of Drops of
Liquid Fuel in a Vortex

A paper discusses a numerical simula-
tion of unsteady evaporation and combus-
tion of drops of liquid fuel clustered in a
vortex. This simulation represents the
behavior of drops and the combustion
processes that occur in large, coherent
vortices in the shear layers of liquid-fuel
sprays in air.

This work was done by Floriah G. Fichot,
Kenneth G. Harstad, and Josette Bellan of
Caltech for NASA’s Jet Propulsion Lab-
oratory.

" NPO-18973.



COMBUSTION AND FLAME 98: 5-19 (1994)

Unsteady Evaporation and Combustion of a Drop Cluster
Inside a Vortex

F. FICHOT,* K. HARSTAD, and J. BELLAN'
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109

A model has been developed that describes the evaporation, ignition, and combustion of a drop cluster
embedded in a large vortex. The purpose of this model is to simulate the behavior of drops in large coherent
vortices produced in the shear layer of a jet. The model treats the dynamic interactions between the drops
and the vortex, and also takes into account the drop proximity to calculate the heat and mass transfer
between drops and ambient gas. The gas phase outside the cluster is treated as an unsteady, reacting phase,
whereas quasi-steadiness is assumed between the drops and surrounding gas inside the cluster. It is assumed
that drops will not burn individually, but as a group. The results show a very complex interaction between the
dynamics of the drop-loaded vortex, the flame, and the evaporation process. A quasi-steady state is not
always reached, depending upon the drop number density or the vortex intensity. In most cases, the flame is
located very close to the cluster. The mass ratio of burned fuel (at complete evaporation) to initial fuel is
generally less than 10%.
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Many recent experiments on liquid fuel sprays

have shown that the behavior of the drops is
strongly dependent upon the large scale vorti-

Centrale Paris, France. cal structures created in the shear layers of the
" Corresponding author. jet. Evidence of such behavior was found in the



experimental observations made by Lazaro and
Lasheras [1], in a plane, two-dimensional, tur-
bulent mixing layer formed between a uniform
liquid spray and a stagnant air flow. Their
results show that the large, coherent vortices
determine the drops’ distribution in the mixing
layer, and control the entrainment of air into
the spray. Similar observations were made by
Crowe et al. [2], who have shown that the
Stokes number quantifies the interaction be-
tween the drops and the vortex. For St = ((1),
the drops stay in the same vortex, but they
have a finite slip velocity with respect to the
gas. This is the situation modeled in this paper.

Recently, Longmire and Eaton [3] have stud-
ied experimentally the precise interactions be-
tween particles and a jet dominated by vortex-
ring structures. They have found that vortices
govern the local particle concentration and
dispersion, and that this mechanism is strong
enough to persist at high particle-to-gas mass
ratios. All these experiments clearly show that
for most practical sprays, drops entrained in
large vortices are a characteristic feature that
a realistic modeling of spray combustion should
take into account.

The purpose of the present model is to de-
scribe the ignition, evaporation and combus-
tion of a group of drops inside a vortex. The
first question addressed here is that of the
location at which ignition will occur. The previ-
ous work of Bellan and Harstad [4] showed
that a mixture of fuel and oxidizer accumulates
in the center of the vortex as the drops cen-
trifuge and form a ring, but that the tempera-
ture is too low to initiate reaction. The low
temperature was the result of the dense collec-
tion of drops acting as an energy sink on the
gas, and heat transfer from the cluster sur-
roundings being too slow to compensate for
the energy conducted to the drops. Presum-
ably, ignition will take place where the temper-
ature is maximum because of the high sensitiv-
ity of the reaction rate to the temperature. In
our model, combustion occurs at the periphery
of the cluster, where the temperature is high,
and fuel and air are already present. This
ignition process is different from the ignition
of a gaseous diffusion flame described by Linan
[5] because in that work air and fuel were
already mixed (though in two different phases).

F. FICHOT ET AL.

In the present model ignition may start in the
gas phase inside the cluster, with the onset of
the reaction being at the periphery of the
sphere of influence [4], or at the cluster periph-
ery; in the first case the flame moves quickly to
the cluster boundary, although this flame mo-
tion is here inferred, and it is not described by
the model. The sphere of influence is defined
around each drop as being centered at the
drop center and having a radius equal to the
half distance between the centers of two adja-
cent drops (the cluster is monodisperse). Thus,
the entire cluster volume is the ensemble of all
spheres of influence plus the space between
the spheres of influence. The space between
the spheres of influence is called the intersti-
tial space. In a recent paper, Rangel and Con-
tinillo (6] assumed that a high temperature in
the center of a vortex containing drops would
prompt ignition in the vortex core. Their as-
sumption may be valid if hot products actually
accumulate in the center, as was shown for
gaseous combustion in vortices by Karagozian
and Marble [7], or by Ghoniem et al. [8], but
may be questionable when drops are present,
especially for dense clusters of drops.

Following ignition, we assume that combus-
tion occurs in a cylindrical flame around the
cluster consistent with our assumption of ax-
isymmetry in the axial direction of the vortex
[4]. The distance between this flame and the
cluster is of interest because it is a scale that
allows the characterization of the effects of
smaller scale turbulence such as the one that
builds up inside the large vortex. Other inter-
esting characteristics are the effects of the
dynamics of the vortex on the drops, and hence,
on the flame, the validity of a quasi-steady
assumption in the outer gas phase, and the
fraction of initial fuel that has burned before
complete evaporation of the drops. All this
information is important because it is an inher-
ent part of the modeling of jet spray combus-
tion.

The present paper introduces a model and a
numerical method to study the influence of
various characteristic parameters of the ambi-
ent gas, of the drop cloud, and of the vortex
upon the flame. Novel conclusions provide a
good understanding of the drop—flame interac-
tion in a vortex.
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MODEL AND NUMERICAL METHOD

The configuration and the mathematical for-
mulation of the vortex and drop cluster dynam-
ics, and the drop evaporation process can be
found in Bellan and Harstad [4]. It is a cylin-
drical cluster of single component fuel (dec-
ane), uniformly distributed, monosize drops,
embedded into a cylindrical, infinite, vortical
structure. Figure 1 is an illustration of the
present configuration and the Appendix pro-
vides a summary of the assumptions used in
this study.

Conservation equations of mass and mo-
mentum for both the gas and liquid phase, and
conservation equations of fuel and energy for
the cluster are used to determine the dynamics
of this system and the evaporation process.

The tangential and radial velocities for both
the gas and the drops have the form u,, =
A,,/r + B,,r, which is consistent with the con-
tinuity and momentum equations [(x = d
(drop) or g (gas), and y =r (radial) or 6
(tangential)] except for the drop radial momen-
tum equation which is solved in average [4]. In
Bellan and Harstad [4], the ambient gas is

Cluster
inner
radius

\/
07 \
Cluster

outer
radius

Spherical flame around each drop

Cylindrical flame around the cluster

External ignition and
combustion (low internal
temperature)

Fig. 1. Schematic view of the cluster at a fixed axial
location for internal ignition and external ignition. When
internal ignition occurs the flame eventually establishes at
the periphery of the cluster.

considered to be uniform in temperature and
composition, and the heat and species transfer
between the cluster and the outer gas are
modeled using the Nusselt number to account
for convection and diffusion. The results of
that previous study have shown that most of
the gaseous fuel will accumulate in the inner
part of the cluster, but the temperature will be
too low to initiate any reaction. Experimental
evidence [9-15] suggests that combustion will
occur in the narrow region at the periphery of
the cluster where, as it will be shown later,
inward convection of fuel (due to cluster ex-
pansion) is balanced by outward diffusion.

The purpose of the present study is to model
the behavior of the gas phase just next to the
cluster surface, in order to determine the exis-
tence of a flame, its characteristics, and the
resulting effects one can expect when modeling
the combustion of jet sprays. In the gas outside
the cluster, classic conservation equations are
used for the species and the enthalpy, and
their solution provides the mass fractions and
temperature profiles. Since the cluster surface
represents a moving boundary for the equa-
tions, we chose to use a new space variable
z =r/R, (where R, is the outer radius of the
cluster), for which the cluster surface is always
at z = 1. The conservation equations are as
follows:
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The two boundary conditions for these equa-
tions are values at the outer edge of the cluster
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which are obtained from the solution of the
cluster conservation equations [4], and ambient
values. The values of the gas-dependent vari-
ables at the outer edge of the cluster are the
same as the interstitial values (assumed uni-
form; see Appendix) and the same as the val-
ues at the edge of the sphere of influence. This
is consistent with the concept of this model
whereby each drop receives information from
the surroundings through the intermediary of
its sphere of influence.

The equations are discretized on a uniform
mesh, using centered schemes for the space
derivatives. A semiimplicit scheme is used for
the time derivative. The continuity equation is
used together with the equation of state and a
constant pressure assumption to calculate the
velocity field.

p  Ug,z dp 1 4
—_——-——— 4 — = 0’ 4
ot Ry @z Lpug] ¥

zZR, 9z
p = pRT. (5)

The chemical source terms are calculated
with constants for the combustion of decane,
found in Westbrook and Dryer [16],

W= Ap1.75),[0.25Y01‘5 exp( = ?a), ‘ (6)

and this term is linearized in the semiimplicit
scheme. The time-step is carefully recalculated
after each iteration to avoid numerical instabil-
ities.

Knowing the evolution of the profiles during
a time step, one calculates the fluxes of fuel,
air, and enthalpy from the outer gas phase to
the cluster. These fluxes are used then as
boundary conditions in the cluster model to
calculate the dynamics and the evaporation
inside the cluster during this same time step.
As a result, new values of the air and fuel mass
fractions, and temperature at the cluster
boundary are computed and they are intro-
duced in the outer gas calculation to start a
new iteration. The computation is stopped
when the drops are almost evaporated, that is
when the residual drop radius is 10%.

One may notice that the mass fractions and
temperature at the outer edge of the cluster
play a critical role because they are used as
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boundary conditions to solve the previous set
of partial differential equations, and therefore
to calculate the fluxes from the outer gas phase
to the cluster of drops. As stated above, these
critical parameters are chosen to have the in-
terstitial values of the mass fractions and tem-
perature, that is, the values at the periphery of
the spheres of influence. As already discussed,
this is consistent with the assumption that the
periphery of the sphere of influence represents
also the condition at the periphery of the clus-
ter of drops.

The initial conditions for these interstitial
values are chosen to be the ambient condi-
tions. In the outer gas phase, the profiles are
initially flat, having the ambient values.

The ambient conditions correspond usually
to a mixture of air, a non-reactant gas, without
fuel, at a given temperature T, For the drops’
motion, two initial parameters were varied
(numerically 4,, = B,,; A, in cm*/s and B,
in s7') and the others were set to zero
(numerically B, = A, = B,, = A,;, = B,, =
Ay = 0); this means that the drops are as-
sumed to have initially a purely spinning mo-
tion, while the gas motion is initially purely
irrotational; the viscous core is assumed in-
finitesimally thin.

The question of smaller-scale turbulence
(compared to -the vortical scale) is not ad-
dressed in this paper. However, it is likely that
a range of scales will interact with the drops,
whereas another scale will interact with the
flame, and thus it is pertinent to ascertain the
role of turbulence in modifying the burning
and evaporating rates.

It is assumed that among all turbulent scales,
large scales will have the dominant effect on
the drops, and this is the only scale that was
taken into account in the calculations. This
scale (noted L) is considered to be of the
same order of magnitude as the cluster diame-
ter.

This large scale is also likely to act on the
flame to create a distorted flame front between
the drops and the ambient gas. Smaller scales
of turbulence will also stretch and wrinkle the
flame front on the boundary of each large "
vortex, and it is interesting to evaluate the
ratio of these length scales to the distance
between the flame and the drops, in order to
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determine whether they act independently on
the drops and the flame.

To evaluate these various scales, we consider
the baseline case used for the calculations.

The large scale is L; = Ry = 2.107? m.

The initial tangential velocity of the cluster will
be identified with the mean velocity fluctuation

A
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The dissipation rate of the turbulent kinetic
energy is
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the gas viscosity is set to v = 107> m? s~ !:
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These ratios will be compared later with the
ratio of the distance between the flame and
the cluster, to the cluster diameter.

RESULTS
General Comments

In a typical run, the temperature inside the
cluster decreases, because of cooling induced
by the evaporation of the drops which act as
heat sinks. Thus the gas will convect toward
the vortex core. The drops are entrained with
the gas but are also affected by the centrifugal

force which propels them to the outer part of
the vortex. The competition between centrifu-
gal force and convection by the gas determines
the slip velocity between the drops and the gas.
The slip velocity is very important in determin-
ing the transfer of mass, species, momentum,
and heat between the cluster and the ambient.
It is important to notice that convection from
the cluster to its surroundings occurs if the
drops move inward. In contrast, a substantial
diffusion flux from the cluster to the outside is
obtained when the drops move outward be-
cause this reduces the distance between the
ambient and the interstitial conditions, and
hence sharpens the gradients. Of course, these
simple considerations do not replace a com-
plete calculation, but they help understand the
transfer between the cluster and its surround-
ings.

As hot ambient air is initially in contact with
the cluster, and some of this air is assumed to
be already mixed with the fuel vapor in the gas
phase around each drop, combustion starts as
a premixed flame around each drop, spreading
to the gas surrounding the cluster as fuel dif-
fuses into the surrounding air. Previous studies
[17] show that depending upon the denseness
of the cluster, ignition might start internally or
externally. In some situations, the flame stays
very close to the cluster, implying that burning
either occurs mainly inside the cluster or that
if burning occurs only outside the cluster, then
the flame is weak. The first situation is called
“internal combustion,” and it occurs when the
gas in the cluster is at a high enough tempera-
ture to allow the flammable mixture around
the drops to burn. However, the main interest
here is in situations where “group combustion”
occurs, that is, when the flame establishes itself
out of the cluster, and the peak reaction rate is
large compared with the reaction rate around
the drops.

The typical flame configuration in a “group
combustion” case is the following: a cold mix-
ture of fuel and air exists near the cluster,
followed by a weak premixed flame in the
region where the temperature becomes high
enough for the gas to ignite, which is itself
followed further out by a diffusion flame con-
suming all the fuel. Although this flame does
not consume all of the incoming air, because in



this unconventional situation air arrives at the
flame both from the ambient and the cluster,
we still call this a diffusion flame.

The fuel flux is determined by the balance
between diffusion out of the cluster and con-
vection into the cluster. This means that the
flame is located at a position where the
Reynolds number based upon the slip velocity
and the flame-cluster distance is of order one.

Figures 2a-2d show the situation in a typical
run. The intense initial premixed flame may be
noticed (see the higher peak in the reaction
rate), as well as the clear separation between
the diffusion flame (see the lower peak in the
reaction rate) and the premixed flame. The
incomplete depletion of oxidizer is shown, as
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Fig. 2. (a) Variations of the reaction rate as a function of a non-dimensional radial position, for different
times. (b) Variations of the fuel mass fraction as a function of a nondimensional radial position, for different
times. (c) Variations of the air mass fraction as a function of a non-dimensional radial position, for different
times. (d) Variations of the temperature difference with the ambient as a function of a nondimensional radial
position, for different times.
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well as the contribution of both flames in in-
creasing the temperature.

Existence of a Quasi-Steady State

The important parameters quantifying the in-
teraction between combustion and evaporation
are the air/fuel mass ratio, the drop number
density, and the drop diameter. However, a
calculation made with a constant drop number
density and two different diameters (20 and 30
pum) proved that a change in the drop diameter
did not change the nature of the combustion
(internal or external). Thus, the most impor-
tant parameter appears to be the drop number
density which determines the heating or cool-
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ing of the cluster, and therefore the likelihood
of internal combustion. :

As most of the calculations have shown, a
quasi-steady diffusion flame is obtained before
complete evaporation of the drops. Thus, the
final amount of fuel burned before the drop
disappearance (residual radius of 10%) may be
estimated by making a comparison between
the fuel transport time and the evaporation

time. For example, in the 10-um-diameter case,
the evaporation time is so short compared with
the diffusion time that only a very small amount
of the fuel that has escaped the cluster has
been burned, whereas in the 30-um case, the
fuel is burned as fast as it escapes the cluster
(Fig. 3).

For the 20-um drops, changing the ambient
temperature does not modify the final behavior
of the reaction as evidenced by the curves on
Fig. 4 showing the reaction rate reaching an
asymptotic limit. This proves indeed that the
flame is of the “diffusion type.” The final posi-
tion of the flame is also independent of the
ambient temperature, which gives credibility to
the idea that a quasi-steady diffusion flame is
established before the end of evaporation. The
time needed to reach that quasi-steady state is
approximately the extinction time of the initial
premixed flame. For example, when varying
the ambient temperature, with numerically 4,
= B,, = 400, one can see that the quasi-steady
state is hardly reached because the premixed
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Fig. 3. Comparison between the total flux of fuel escaping

the cluster and the total consumption rate of fuel as a
function of time, for two drop diameters.
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Fig. 4. Integrated reaction rate (over the outer gas vol-
ume) as a function of time, for various ambient tempera-
tures (A4 = Byy = 200).

flame is still strong at the end of evaporation
(Fig. 5). In most cases, the maximum tempera-
ture and the position of this maximum are not
constant during the quasi-steady state. The
flame is moving away from the cluster, its
temperature rising slowly. Both observations
may be explained by the depletion of air in the
cluster: the flame has to move far from the
cluster to find air to continue burning. Being
further from the cluster (which acts as a heat
sink), the flame increases its maximum temper-
ature. However, in some cases, the position of
the flame, or the maximum temperature are
rather constant. This is due to the particular
conditions and must be considered as a fortu-
itous result.

Parameters Controlling the Quasi-Steady State

In most cases, evaporation is faster than com-
bustion, even for 40-um drops. This can be
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Fig. 5. Integrated reaction rate (over the outer gas vol-
ume) as a function of time, for various ambient tempera-
tures (Agy = B;g = 400).



seen on the plot of the fraction of burned fuel
as a function of time (Fig. 6): all the curves are
superimposed, independent of the drops’ diam-
eter. However, it should be pointed out that
the air/fuel mass ratio was constant in these
cases, and thus the drop number density de-
creased when the drop radius was increased.
Hence the ratio of the evaporation time to the
combustion time seems to depend only on the
air/fuel mass ratio (in the range of drop diam-
eters considered here). This shows that in this
configuration, combustion could be controlled
mostly by the diffusion of heat and oxidizer. To
verify this conclusion, the diffusivity of the gas
was increased. As expected, when the diffusiv-
ity is larger, the flame lies further from the
cluster and consumes more fuel. Two different
calculations were made. In one case the diffu-
sivity was doubled only in the outer gas phase,
and in the other case it was doubled both
inside and outside the cluster. This would rep-
resent for example the effect of small scale
turbulence on the transport mechanisms, and
the respective situations where turbulence in-
fluences only the outer gas, or both the drops
and the outer gas. Although doubling the gas
diffusivity inside the cluster improves evapora-
tion and causes more fuel vapor to escape to
the outside, the fraction of burned fuel is the
same in both cases (Fig. 7). This shows that the
flame is indeed diffusion-controlled and does
not depend on the amount of fuel evaporated
in the cluster. This can be explained by the fact
that a large amount of evaporated fuel corre-
sponds to a large amount of heat taken by the

0.2 T
[=] s
2 e
o 7
=2 //
5 s
3 a
T 01+ // -
5 T DROP
= d DIAMETER (um)
(<] B — 10
5 & —— 20
< 7 ---- 30
£ 5 —— 40
.0 L
¢ 0 10 20
TIME (ms)

Fig. 6. Fraction of the initial mass of fuel that has burned,
as a function of time, for various drop diameters.
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Fig. 7. Fraction of the initial mass of fuel that has burned,
as a function of time, for different values of the gas
diffusivity inside and outside the cluster.

cluster from the outer gas through the heating
and evaporation of the drops, and hence the
flame establishes itself further away from the
cluster boundary, toward the high temperature
air. In this process it is not the flame which is
moving, but it is the cluster which is shrinking
away from the flame, as the position of flame is
more a function of the heat transferred to the
cluster than of the amount of mass evaporated.
This result was confirmed when the initial
air /fuel mass ratio was varied: an almost iden-
tical burning rate is observed, leading to a
higher final fraction of burned fuel when the
air/fuel mass ratio was higher (Fig. 8). How-
ever, an increase in the flux of fuel to the
region outside of the cluster (as found when
the air/fuel mass ratio is decreased) affects
the flame position which is now further away
from the cluster. Examination of plotted re-
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Fig. 8. Fraction of the initial mass of fuel that has burned,
as a function of time, for different air fuel mass ratios.
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sults reveals that this situation corresponds to
a reduced outward velocity of the drops. This
reduced outward velocity is evidence of the
competition between the movement of the
flame toward the ambient (to obtain more
high-temperature air) and the movement of
the drops going to the flame. This phe-
nomenon will be analyzed more precisely be-
low, when we discuss the effects of the dynam-
ics of the drops upon the flame.

Internal Combustion Mode

Another interesting point to notice when vary-
ing the air /fuel mass ratio is the occurrence of
“internal ignition” [17], that is, ignition around
each drop in the cluster. Although the present
model was not designed to handle internal
combustion, some comments may be made,
bearing in mind that the results in this case are
highly inaccurate, and obviously depend on the
size of the mesh. Internal ignition occurs for
high air/fuel mass ratios, when evaporation
does not cool the cluster sufficiently. Then the
inner temperature is high enough to enable a
reaction in the interstitial gas phase between
the drops. This is represented in the model by
a high reaction rate in the first cell of the outer
mesh. The combustion is mostly premixed, and
consumes a much greater fraction of the initial
fuel than in the other cases (up to 30%) (Fig.
8). The quasi-steady diffusion flame is never
reached in these situations where the premixed
flame dominates, and the flame stays very close
to the cluster.

Effects of the Vortex Dynamics

As it was noticed before, the position of the
flame depends greatly on the drops’ radial ve-
locity. This is an important parameter which is
directly related to the characteristics of the
shear layer, through the interactions between
the vortex and the drops entrained into it.
Hence the initial spinning rate of the drops
(B,,) was varied, as well as the initial vorticity
of the gas (A4,,). As expected, the flame is
closer to the cluster when the initial drop
tangential velocity is higher. However, this mo-
tion also brings cold drops to the reaction

zone, cooling the igniting flame. As a result,
ignition is delayed. This is easily seen on Fig. 9
showing the maximum flame temperature; each
curve reaches the same final temperature with
a different delay. When the “cooling effect” of
the drops is eventually overcome by the reac-
tion, a substantial amount of fuel has accumu-
lated and mixed near the cluster, and an in-
tense premixed flame starts to burn. There is
not enough time left for the quasi-steady dif-
fusion flame to become established, and the
final structure of the flame consists of two
reaction zones (a premixed flame and a diffu-
sion flame) of similar intensity. Unexpectedly,
the fraction of fuel burned increases with the
initial spinning rate of the drops. One might
have expected that a higher outward velocity of
the drops (resulting from a larger centrifugal
force) would let less fuel escape to the outside
(which is true at the beginning of the calcula-
tion), and that the cold drops close to the
reaction zone would act as a heat sink. How-
ever, the shorter distance between the flame
and the drops is also the cause of an increased
diffusion flux of fuel to the region outside the
cluster. This leads to a higher total flux of fuel
at the end of the calculation, and a higher total
reaction rate. As we have seen, these effects
are alternatively predominant during the com-
bustion process, and there is a critical initial
spinning rate for which the initial ignition de-
lay will become too long to enable a significant
amount of fuel to be burned in the end. For
B, = 400 s~!, the fraction of burned fuel is
maximum (Fig. 10).
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Fig. 9. Maximum temperature in the gas phase as a func-
tion of time, for different initial drop spinning rates.



0.05 T T T T o T
’/
Z 0.04f Vs e CL
o 42 Lt
2 4
g oor Zir .
Ty £~ 7 INITIAL DROP
L 7,7 SPINNING RATE (s*)
2 002F S 0 (Agg= 200)
d -
o 7 -100
- /,”/ —200
g o0o1f A ——300 -
< > —-~—400
Z —-—500
%% 1 2 3 a4 5 & 7
TIME (ms)

Fig. 10. Fraction of the initial mass of fuel that has burned
as a function of time, for different initial drop spinning
rates.

Influence of the Cluster Diameter

The dynamics of the drops also depends upon
the initial radius of the cluster. It turns out
that the cluster radius does not have a direct
effect on the flame structure, although chang-
ing somewhat the drops’ dynamics. Except for
the 0.5-cm-radius case, the flame is at the same
radial distance for a fixed time, and moves
outward at the same speed (the distance is
here relative to the cluster boundary). The
resulting total reaction rate is the same, which
may be explained by the identical fuel flux per
unit of cluster surface.

Only for the smallest radius studied here
(0.5 cm), the cluster is small enough to be
quickly heated by the outer gas, rather than
cooled by evaporation. Consequently there is
no accumulation of cold fuel between the flame
and the cluster, and most of the escaped fuel is
burned. For this particular case, more than
20% of the initial fuel is burned, whereas less
than 10% is burned in a typical run.

Influence of the Oxidizer Mass Fraction in the
Ambient

The last parameter studied was the oxidizer
mass fraction in the ambient. It has been pre-
viously noticed that the air flux toward the
flame is very important in determining the
intensity of the total reaction rate. The calcula-
tions confirm this result, as the total reaction
rate decreases significantly with the air mass
fraction in the ambient. It is also noticed that,
as expected, the flame stays further from the
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cluster. This influence had already been ob-
served by Koshland [18], but in a different
configuration which prevents making accurate
comparisons with those observations.

Drops’ Trajectory and Dispersion

The drops are centrifuged by the vortex, but a
strong cooling of the cluster may sometimes
prevent an expansion of the cluster. Trajecto-
ries of the outer drops have been plotted on
Fig. 11 for different initial conditions, and Fig.
12 shows a sketch of the configuration.

As expected, increasing the initial spinning
rate of the drops leads to a larger trajectory
and a greater radial dispersion. For a lower
air /fuel mass ratio, the total evaporation time
is larger, and one can see that the drops are
first moving inward (following the shrinking of
the cluster), and then outward as the centrifu-
gal force eventually overcomes the initial
movement. For a larger drop radius (30 pwm),
but the same drop number density, the total
evaporation time is also longer, and the cen-
trifugal force is larger. The resulting trajectory
is longer with a large radial dispersion. The
effect of the drops’ diameter on dispersion was
also studied. A definition for the dispersion
was chosen to be

1 N
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Fig. 11. Trajectory of the outer drops for various condi-
tions.
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where x; is either the curvilinear abscissa or
the radial position of a drop, x,; being the
initial value of the same variable. When x is
the curvilinear abscissa, one can see in Fig. 13a
that the dispersion rate increases when the size
of the drops decreases. This means that the
entrainment of the drops by the gas is more
important than the centrifugal force to deter-
mine the length of a drop trajectory. This
could also be observed on the drop trajectories
in Fig. 11. When x is taken to be the radial
position in the above expression, an interesting
feature appears: there is a maximum radial
dispersion rate for a drop radius between 20
and 30 pm. This can be explained by the fact
that small particles follow the gas motion and
cannot be centrifuged substantially, whereas
large particles can be greatly centrifuged but
do not get enough rotational velocity from the
gas because of their large inertia. As a result,
an optimum exists, for which a maximum ra-
dial dispersion rate is obtained (see Fig. 13b).

Implications of the Results for Spray
Combustion

In a spray or a jet, the entrainment of fluid in
the large structure is an important feature.
Thus, one should compare results obtained
from calculations where no drops are en-
trained, to the entrainment rate in a spray in
order to have an idea about the number of
drops and the configuration that one may find
in the large structures of a spray.

The time needed to achieve a complete clus-
ter rotation 7,,, has to be compared with the
evaporation time 7,,, in order to find out the
approximate trajectory of the drops. If 7,, >
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OF INNER DROPS 3\ GAS PHASE

Fig. 12. Sketch of the situation in a large structure of a
shear layer.
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Fig. 13. (a) Average curvilinear abscissa of the drops as a
function of time for various drop radii. (b) Average radial
displacement of the drops as a function of time for various
drop radii.

T,./2, then the drops will be able to get back
to the cluster before complete evaporation,
and they will form a “ring” in the vortex. If
T, < T,/2, the drops evaporate before being
brought back to their initial environment, and
they will form tails, as shown in Fig. 12.

The calculations, and the previously shown
trajectories indicate that usually 7, < 7,,/2
and one may expect the drops to form tails in
agreement with the results found here.

Another characteristic time which is impor-
tant to compare to the evaporation time is the
time governing the entrainment of drops, or
more conveniently V,,,, the volume entrain-
ment rate of fluid inside the vortex. If n, is the
ambient drop number density, the evolution of
the number of drops, N, in the vortex is given
by:
dN

= @)

= nOI)ent - N/Tev'



This equation is valid only if the drops have
enough time to enter the vortex without evapo-
rating totally, that is,

27R,d,
s

ent

T >

ev

For the purpose of evaluating N, a characteris-
tic value for 7,, is chosen, 7,, = do2 /K., where
d, is the initial drop diameter and X,, is the
D?-law constant. V,, is assumed to be propor-
tional to the outer radius of the vortex, and to
the radial velocity of that structure. Classical
results for turbulent mixing layers show that
both outer vortex radius and the radial velocity
are proportional to the mean longitudinal ve-
locity of the vortex, u, (see for example Dimo-
takis [19]). Thus one may write

I/.'cnt T acmuOZ' (8)
Now,
dN K., N
2 ev
E = QeNolly — d_oz (9)

Considering that at ¢t = 0, R, = 0, the solution
is

al

N = nanmuOZTev [1 ol exp(
ev

This show that N is an increasing function
of time. This effect has thus to be considered
in any model of combustion in a jet spray.

Another point of interest is the influence of
small scale turbulence on the combustion of
the cluster. The distance between the flame
and the cluster ranges from 1% to 10% of the
cluster radius. For the reference case, this ra-
tio is about 5% and has to be compared with
the ratios of turbulent scales calculated in the
section describing the model and numerical
method. It turns out that the flame-cluster
distance is larger than the Kolmogorov scale
and of the order of the Taylor microscale (in
this case). One can thus conclude that small-
scale turbulence will alter simultaneously the
reaction zone and the closest drops. Even
though the main reaction zone (the diffusion
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flame) is small with respect to a characteristic
small scale of turbulence, the complete struc-
ture including the closest drops, the cold fuel
vapor and the diffusion flame cannot be con-
sidered thin with respect to the same charac-
teristic scale.

However, the small scales may not be able to
modify the dynamics of the drops. In our case,
the Stokes number, based upon the flow time
of the vortex is of order one. That is,

P/dozu' -4
18ulL,

St(L;) =

One may calculate the ratio

St(Ly)  w'm  w(peH
Li(ev)"*

St(n,)  Lru,

= ReT— g

Thus,
St(n,) = Re;/?St(L,) » 1.

This shows that the Kolmogorov eddies will
have no effect on the trajectory of the drops,
and more generally, the effect of the eddies
will decrease with the size of these eddies.

CONCLUSIONS

In this paper we have assumed that combus-
tion is of the “group combustion” type, but we
have allowed “individual (or internal) ignition”
to occur, even though the resulting internal
combustion was only approximately modeled.
It turns out that in most cases, and especially
for dense clusters, which were the focus of this
study, this assumption was verified. However,
internal combustion may not be neglected, es-
pecially during initiation. In fact, in our model
where we identify the conditions at the cluster
boundary with those at the edge of the sphere
of influence, combustion always starts inter-
nally, at least for a very short time. In a more
refined model describing the temperature pro-
file inside the cluster, ignition would occur
around the drops which are surrounded by the
hottest gas. As the cluster cools, internal com-
bustion cannot be sustained and an unsteady
phase follows. Generally, the air initially inside
the cluster is not totally depleted at the onset
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of unsteady combustion. A diffusion flame then
appears near the edge of the cluster. The dif-
fusion flame turns out to be quasi-steady.

When the drops disappear, a fraction rang-
ing from 1% to 30% of the initial mass of fuel
has been burned. The critical parameters that
determine the nature of the combustion (inter-
nal or external) are the drop number density,
the cluster radius and the initial spinning rate
of the drops. These last two parameters are
related to the dynamics of the cluster and the
transfer between the cluster and its surround-
ings, and were not studied in earlier investiga-
tions on combustion of groups of drops (see,
for example, Zhuang et al. [20]). It was found
that even a dense cluster is likely to burn
internally if it is submitted to a strong centrifu-
gal force. Since in the present model there is
no difference made between the inner drops
and the outer ones, the previous conclusion
means that, in a strong vortex, at least the
drops near the periphery may burn individu-
ally, even though they are densely packed.

The accumulation of a cold mixture of fuel
and air between the flame and the cluster is
also an interesting feature, and shows the com-
plexity of the flame structure. It also explains
why the flux of air to the flame seems more
critical than the fuel flux.

The model could be improved by relaxing
some assumptions. First, it would be desirable
to calculate the temperature and mass frac-
tions profiles inside the cluster as a function of
the radial coordinate originating at the cluster
center, since most changes occur in a very
small region near the cluster boundary. Sec-
ond, calculations could benefit from more real-
istic initial conditions, since some cases re-
tained an unsteady aspect during the entire
calculation time. The initial formation of the
drop clusters in the vortices, and the following
evolution of the vortices in the shear layer also
require more modeling. Such a model will en-
able one to know, for example, the configura-
tion of the drops in the large coherent struc-
ture, and the evolution of the number of drops
in it. As was previously noticed, the various
time scales involved are not well known yet.
Well-characterized experimental observations
will be required for model verification. In a
recent experiment with a reacting spray, Goix
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et al. [21] used fluorescence imaging and did
not find any evidence of individual drop burn-
ing; they found instead thin, structured flame
sheets surrounding groups of drops. This gives
credibility to one of our assumptions, but fur-
ther verifications of the present assumptions
should be made in the future.
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APPENDIX: ASSUMPTIONS AND CLUSTER
MODEL

Since it would be cumbersome to present a
detailed description of the assumptions used in
this model in the main text, these assumptions
are discussed here. Most of these assumptions
have already been presented elsewhere [4].

The cluster of drops is monodisperse and .

the drop number density is assumed uniform.
The concept of the spheres of influence is used
to geometrically partition the cluster into in-
teracting elements. The interstitial space is the
space in the volume of the cluster between the
spheres of influence. The outer boundary of
the cluster is the envelope of the outer spheres
of influence, whereas the inner boundary of
the cluster is the envelope of the inner spheres
of influence.

Thermodynamic Cluster and Vortex Model

All spheres of influence in the cluster are
assumed to behave in an identical way, inde-
pendently of their position within the cluster.
The gas in each sphere of influence is assumed
quasi-steady with respect to the liquid phase
because of the very small ratio between the gas
and liquid densities. Unlike in the classical,

14

F. FICHOT ET AL.

simplified theory of drop evaporation and com-
bustion, pD is not assumed constant. The de-
pendent variables in the gas phase satisfy the
continuity equation and diffusion equations,
and the temperature in the liquid phase is the
solution of a transient conduction equation
which takes into account the change in the
heating time scale due to recirculation within
the drop. The two sets of equations are cou-
pled at the drop surface through boundary
conditions stating the conservation of fluxes, as
well as through the Langmuir-Knudsen kinetic
evaporation law.

The solutions of the conservation equations
for the gas also satisfy boundary conditions at
the edge of the sphere of influence. The edge
of the sphere of influence is the radial location
at which a sphere touches the adjacent spheres.
These values of the dependent variables at the
edge of the sphere of influence are the solu-
tions of the global conservation equations for
the gas inside the cluster. The assumption is
made that the dependent variables are uniform
in the interstitial spaces, and that because of
functional continuity their values are the same
as those at the edge of the spheres of influ-
ence.

The gas outside the cluster is treated in a
transient way because as evaporation proceeds
the average density within the cluster ap-
proaches the gas density. Coupling with the gas
in the inner vortex core (see below) and at the
outer cluster boundary is performed through
boundary conditions stating the conservation
of all fluxes.

The gas is assumed ideal.

Dynamic Model for Cluster and Vortex

The cluster of drops is embedded into a vortex,
and the drops are being centrifuged by the
vortex. Thus, very quickly after the initializa-
tion of motion, a ring (or shell) composed of
drops and gas forms around the center of the
vortex; this shell is the cluster of drops. The
inner and outer surfaces of the cluster are
calculated from the dynamics of the drops [4].
Separate equations are solved for the inner
vortex core devoid of drops and these are
coupled to the equations of the cluster at the
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cluster (moving) inner boundary. Similar con-
siderations are used to calculate the (moving)
outer cluster boundary.

The drops and gas in the cluster move with
different velocities which are the solutions of
the fully coupled momentum equations for
drops and gas. The drops and gas velocities
have both a radial and a tangential component
and the dynamic interaction between drops
and gas occurs through the intermediary of a

drag force. The drag force, which was modeled
elsewhere [4], is a function of the drop number
density, the evaporation rate and the slip veloc-
ity. The drag coefficient used in the calcula-
tions was found by taking into account the
“blowing” from the drops during evaporation.

The solutions of the four algebraic momen-
tum equations are found by assuming that each
component is the sum of an irrotational contri-
bution and a solid body rotation.
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