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Abstract

The transient convective burning of fuel-droplets interacting within 3-D infinite periodic arrays in a hot
gas stream is numerically studied for the first time, with considerations of droplet regression, deceleration
due to the drag of the droplets, internal liquid motion, variable properties, non-uniform liquid tempera-
ture, surface tension, and n-octane one-step oxidation kinetics. Depending upon the initial conditions
and other constraints, a flame is established early as either a wake flame or an envelope flame. An initial
envelope flame remains an envelope flame, and an initial wake flame has a tendency to develop from a
wake flame to an envelope flame. The flame shows no strong tendency to modify significantly the standoff
distance during the lifetime of the droplet. For an initial wake flame, the moment of wake-to-envelope tran-
sition is advanced as the initial droplet spacing (intermediate) is decreased, but tends to be postponed as the
initial droplet spacing is further reduced. The burning rate at smaller initial droplet spacing or smaller
initial Reynolds number might be greater for some period during the lifetime because of an earlier
wake-to-envelope transition which elevates the average surface temperature. Lower ambient temperature
yields a later wake-to-envelope transition time and smaller mass burning rate. At the lower ambient
pressure with the same initial relative stream velocity, the average surface temperature is reduced, the
wake-to-envelope transition is later, and the mass burning rate is smaller. Validation of our analysis is
made by comparing with the results of an isolated droplet Wu and Sirignano [11].
Published by Elsevier Inc. on behalf of The Combustion Institute.
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1. Introduction

A spray environment is characterized by drop-
let interactions as well as gas stream convection.
Multi-droplets break the axi-symmetry assump-
tion, and the gas-stream convection requires
flow-field solutions with internal circulation and
relative motion amongst droplets. So, an accurate
simulation requires the numerical solution of the
1540-7489/$ - see front matter Published by Elsevier Inc. on b
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3-dimensional Navier–Stokes, energy and species
equations, combined with appropriate boundary
conditions. For an accurate 3-D transient calcula-
tion, the computational cost may reach the avail-
able limit.

There are several relevant studies on convec-
tive vaporization of droplets. Asano et al. [1]
investigated the interactions on drag coefficients
and mass transfer coefficients of two adjacent
spheres analytically by assuming steady flow and
constant properties. They proposed correlations
to account for the interactions for different geo-
metric parameters. Patnaik [2] studied numerically
ehalf of The Combustion Institute.
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Fig. 1. The periodic array for the droplets, and the
gridding scheme for the 3-dimensional multi-droplet
calculation (in the left lower quarter).
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the interaction between two vaporizing droplets
moving in tandem, by solving the two droplets
separately and neglecting the effects of the change
of spacing between droplets. Raju and Sirignano
[3] examined the same problem by using the
implicit finite-difference method together with a
grid-generation scheme to solve the transport
equations for the whole domain. They [2,3]
assumed constant thermo-physical properties
expect for the density. Chiang et al. [4] found
for a single vaporizing droplet that the drag coef-
ficient can be overestimated by at least 20% with
constant physical properties; so thermal depen-
dence of physical properties must be considered
for high-temperature calculation. The vaporizing
droplets moving in tandem with variable proper-
ties were numerically investigated by Chiang and
Sirignano [5,6].

Other relevant studies exist for isolated burn-
ing fuel droplets in convective flows. Aouina and
Maas [7] numerically simulated the heating,
vaporization, and ignition of a cold droplet
injected in a hot gas flow. The time and position
of ignition and the 2-D gas-phase contours up to
and during the time of ignition were investigated.
Dwyer et al. [8,9] studied the influence of surface
tension on the burning of a convective methanol
droplet, and concluded that the surface tension
forces caused by surface mass-fraction gradients
of water were important. Raghavan et al. [10]
made experimental and numerical investigations
of convective droplet burning. The stream velocity
and droplet radius were kept constant and the
interior of the droplet was not modeled. Wu and
Sirignano [11] extended their work with consider-
ations of transient heating of the droplet, droplet
regression, deceleration due to the drag of the
droplet, internal circulation inside the droplet,
and the effect of surface tension. They found that
the flame had always the tendency of wake-
to-envelope transition for the decelerating relative
stream velocity.

Kim et al. [12] studied three-dimensional flow
over two spheres (solid or liquid) placed side by
side without vaporization. They found that the
drag of the droplets does not change much for
different intermediate droplet spacing, but is
increased significantly as the droplets get close.
Some important work has been done on burning
convective droplet arrays. Stapf et al. [13] numer-
ically studied the combustion of 10 moving drop-
lets in a disc-shaped configuration with an overset
gridding scheme. The chemistry was treated with
global and detailed reaction kinetics in a two-
stage model. Their following paper [14] made a
more detailed study on unsteady vaporization
and ignition of an array of six droplets arranged
with centers in a plane. The relative positions of
the droplets were assumed unchanged. The array
geometry had a strong influence on the flow field
and the physical–chemical processes. Neither
paper considered internal circulation, treating
the liquid phase as one dimensional. A more com-
plete review of droplet vaporization and burning
is given by Sirignano [15].

The task of this study is to numerically simu-
late convecting, burning and interactive droplets
in 3-D periodic arrays, by solving the Navier–
Stokes, energy and species equations. Droplet
regression, deceleration of the stream flow due
to the drag of the droplets, internal circulation,
variable properties, non-uniform surface tempera-
ture, and surface tension are considered. The tran-
sient flame shape, surface temperature, relative
stream velocity, and burning rate are studied for
different initial relative stream velocity, initial
droplet spacing, and ambient temperature and
pressure. Particularly, the flame transition (from
a wake flame to an envelope flame) time and its
influence on the burning rate are determined.
2. Problem formulation

The single-component n-octane droplets form
a periodic array in a hot gas stream. The array
is infinite in both cross-flow directions but has
only one droplet layer in the flow direction.
Figure 1 indicates a large number of droplets with
the same initial size, uniform distribution in the
x� y plane, and perpendicular flow direction to
this plane (in the z direction). As the 3-dimen-
sional flows are periodic along the two directions
in the plane, only one droplet (with the domain
of ABCD in Fig. 1) is considered in the calculation
using four symmetry planes. In fact, the actual
domain for the calculation can be further reduced
into OECF with only a quarter of the droplet due
to symmetries.

The free-stream air flow has velocity U1, pres-
sure p1, and temperature T1. The initial droplet
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temperature T s;0 is uniform and low compared to
the boiling point. The droplets are first heated and
vaporized, and then ignited and burned. Internal
circulation is caused by the shear stress at the
gas-side droplet surface and the non-uniform dis-
tribution of surface tension around the droplet
surface. Although the droplets have a time-vary-
ing velocity U d , we consider that they are not
moving by instantaneously having an inertial
frame of reference moving at the droplet velocity
[4–6]. The relative velocity becomes: U 01 ¼ U1�
Ud . This is justified because all the droplets are
identical and the relative motion amongst the
droplets is zero for this array. As the droplets
are slowed by the drag and vaporization occurs,
the relative velocity and droplet radius are
updated continuously.

The following assumptions are made: (1) the
Mach number is much less than unity and the
dissipation terms are neglected; (2) the natural
convection and other gravity effects are negligible
(with Grashof number and the ratio of the gravi-
tational force and the drag force below 0.01 in this
study); (3) the droplets remain spherical; (4) the
gas mixture is an ideal gas; (5) the liquid-phase
properties variation is neglected; and (6) the
radiation is neglected. These assumptions can be
justified by the quantitative results for constraints
that are of practical relevance.

The variables have been non-dimensionalized
and are listed as follows: radial position �r ¼ r

d0
,

time �t ¼ tU 01;0
d0

, velocity vector or components

�u ¼ u
U 01;0

, pressure �p ¼ p
q1U 021;0

, density �q ¼ q
q1

,

enthalpy �h ¼ h
cp;1ðT1�T s;0Þ, temperature T ¼ T�T s;0

T1�T s;0
,

molecular weight Mi ¼ Mi
MF

, specific heat cp ¼ cp

cp;1
,

dynamic viscosity �l ¼ l
l1

, thermal conductivity
�k ¼ k

k1
, thermal diffusivity �a ¼ a

a1
, mass diffusivity

Di ¼ Di
Di;1

, shear stress tensor �s ¼ sd0

l1U 01;0
, reaction

rate �_x ¼ _x
_xo, surface tension �r ¼ r

r0
, where d0 and

U 01;0 denote the initial droplet diameter and the
initial relative stream velocity. The superscript
‘o’ denotes the reference value, and the subscripts
‘F’, ‘i’, ‘1’ and ‘0’ denote the fuel vapor, the ith
species, the ambient value and the initial value,
respectively. There are certain dimensionless
numbers generated: initial Reynolds number

Re0 ¼
q1U 01;0d0

l1
, Prandtl number Pr1 ¼ l1

a1
, Schmidt

number Sci;1 ¼ l1
Di;1

, Spalding transfer number

Bh ¼ cp;1ðT1�T s;0Þ
L , initial Weber number We0 ¼

q1U 021;0d0

r0
, and initial Damkohler number Da0 ¼

d0=U 01;0
q1Y o

F =ð _xoMF Þ (where Y o
F is the reference mass fraction

for the fuel vapor).
The governing equations for both gas and

liquid phases are
@�qU
@�t
þ �r � ð�q�~uUÞ ¼ �r � ðF UÞ þ SU; ð1Þ

with U ¼ 1 for the continuity equation, ~u for the
momentum equation, h for the energy equation,
and Y i for the gas-phase species equation. For
the continuity equation, F 1 ¼ S1 ¼ 0. For the
momentum equation, F~u ¼ 1

Re0
�s and S~u ¼ � �r�p,

in which s is the shear stress tensor in the form
for the Newtonian compressible fluid. For the en-
ergy equation, F h ¼ �q�a

Re0Pr1
�r�h, Sh ¼ �r � ðRN

i¼1�qDi

�hi
�rY iÞ=ðRe0Sci;1Þ � �r � ð�q�aRN

i¼1
�hi

�rY iÞ=ðRe0Pr1Þ
þ q�_xY o

F Da0

MF cp;1ðT1�T s;0Þ
for the gas phase, and 0 for the li-

quid phase. q is the heat of combustion. The reac-

tion rate is given by _x ¼ Ae�
Ea

RuT ½Fuel�a½Oxidizer�b
mol
cm3s, with A ¼ 4:6� 1011; Ea ¼ 1:255� 105, a =
0.25, b = 1.5 for n-octane, from Westbrook and
Dryer [16]. The reference value of the reaction rate
_xo is calculated based on T1; q1; Y O2 ;1, and the
stoichiometric mass fraction for the fuel vapor
Y o

F . The values of _xo and the initial Damkohler
number Da0 will be very sensitive to the choice
of the reference temperature, and T1 is a good
choice for high ambient temperature where
autoignition becomes possible. The temperature
is obtained from the enthalpy. For the gas-phase

species equation, F Y i ¼ �qDi
Re0Sc1

�rY i, and SY i ¼
�_xsiMiY o

F Da0, in which Mi and si are the normal-

ized molecular weight, and stoichiometric number

for the ith species which represents moles of this

species produced (+) or consumed (�) for each

mole of fuel consumed.
The gas-phase continuity, momentum, energy

and species equations and liquid-phase continuity,
momentum and energy equations are coupled and
solved simultaneously. There are totally N ¼ 5 spe-
cies including the fuel vapor, oxygen, water vapor,
carbon dioxide, and nitrogen considered in the cal-
culation. The species equations are applied to the
first four species, while the concentration of nitro-
gen is obtained from the relation that the mass
fraction for all the species sums to unity. The com-
putational domain for the gas phase in Fig. 1 will
be divided into Nd (N d is the number of droplets
and is 1 in this paper due to symmetry planes for
the periodic array configurations) spherical
domains, with one of these domains around
each droplet, and one cartesian domain for the rest.
For the liquid phase, each droplet has one separate
spherical domain. The detailed form of the
momentum equation in spherical coordinates and
cartesian coordinates is provided in [17].

The droplet surface regresses during vaporiza-
tion, and the droplet radius is a function of time
Rð�tÞ. Therefore, the liquid-phase domain shrinks
while the gas-phase domain expands. To consider
this, the radial position �r for the liquid phase is
normalized by Rð�tÞ: n ¼ �r=Rð�tÞ, and the governing
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equations for the liquid phase are modified
accordingly: substitute �r for Rð�tÞ � n, and replace
@U
@�t (U represents �q; �ur; �uh; �u/, or �h) term with
@U
@�t þ

n
Rð�tÞ

@U
@n

dRð�tÞ
d�t . However, the radial position �r

for the gas-phase spherical domains is not normal-
ized by Rð�tÞ in contrast with the liquid phase and
thus mesh adjustment is required for the gas
phase. Details regarding the mesh adjustment
are provided in Wu and Sirignano [11].

The outer boundaries of the cartesian domain
are the inflow and outflow boundaries of the gas
stream, and the symmetry planes, with the bound-
ary conditions �ux ¼ �uy ¼ 0, �uz ¼ U 01; T ¼ 1;
Y i ¼ 0:233 for O2 and 0 for others at the inflow

boundary, Df�ux ; �uy ; �uz ; �h; Y ig
D�t ¼ 0 at the outflow bound-

ary, �ux ¼ 0;
@f�uy ; �uz ; �h; Y ig

@�x ¼ 0 at the symmetry planes

in the x direction, and �uy ¼ 0, @f�ux ; �uz ; �h;Y ig
@�y ¼ 0 at the

symmetry planes in the y direction. Matching con-
ditions at the droplet surface are the same as the
isolated droplet calculation [11], except the condi-
tions for �u/ which are similarly derived from con-
tinuity of tangential velocity and shear stress in /
direction. Boundary conditions at the ends of h
and / directions for the spherical domains can
be derived based on continuity and the features

of the flow, with
@2f�uh ;�u/g

@h2 ¼ 0, @3f�ur ; �h; Y ig
@h3 ¼ 0 at

h ¼ 0 and p, and �u/ ¼ 0, @f�ur ; �uh ; �h;Y ig
@/ ¼ 0 at / ¼ 0

and p=2. Boundary conditions at the interfaces
of gas-phase spherical domains and the cartesian
domain are given by the continuity of the calcu-
lated quantities and their first derivatives:

f�~u; �h; Y igA ¼ f�~u; �h; Y igB, @f�~u; �h; Y igA
@�r ¼ @f�~u; �h; Y igB

@�r with
“A” denoting gas-phase spherical domains and
“B” denoting the cartesian domain.

The droplets are slowed by the drag CD in the
transient process, including pressure drag, friction
drag and thrust drag. The instantaneous velocity
of any of the droplets is thus determined by
dUd

d�t ¼ �
dU 01

d�t ¼ 3
8

1
�ql

U 021
R

CD.
3. Solution procedure

The thermodynamic and transport properties
for the gas mixture are calculated by polynomials
and semi-empirical equations [18–20]. The data
[16] is used for the calculation of chemical reac-
tion rates. The momentum equations, energy
equation and species equations (gas phase only)
are solved in order for each domain. Then, the
temperature distributions are obtained by solving
the differential form of h ¼ hðT ; Y iÞ. The droplet
radius and relative velocity between the droplets
and the free stream are updated instantaneously
after each time step.

The gridding scheme for the 3-dimensional
multi-droplet calculation is demonstrated in the
left lower quarter of Fig. 1. Spherical grids are used
for the spherical domains and cartesian grids are
used for the cartesian domain. The sections repre-
sented by the solid lines are the spherical domains
for the liquid phase. The sections represented by
the dash-dot lines are the spherical domains for
the gas phase. Their inner boundaries are the sur-
face of the droplets, and their outer boundaries
are the spheres with larger diameter and the same
center as the droplets, as represented by the hollow
circles in Fig. 1. The section represented by the dash
lines is the cartesian domain for the gas phase. Its
inner boundaries are the surfaces composed of the
nodes inside and close to the outer boundary of
the gas-phase spherical domains, as represented
by the solid circles in Fig. 1. Its outer boundary is
the free stream. Overlapping areas exist between
the outer boundaries of the gas-phase spherical
domains and the inner boundary of the cartesian
domain. Interpolations are needed to get the
boundary conditions at the interface of the two
types of domains in the gas phase.

The Semi-Implicit Method for Pressure Linked
Equations (SIMPLE) is used to solve the coupled
Navier–Stokes, energy and species equations for
both gas and liquid phases. Staggered grids are
used with four different control volumes for the
three components of velocity and pressure correc-
tion (temperature, mass fraction or scalar proper-
ties) respectively. Forward time and central
difference scheme are applied. For the iterations
at each time step, the Alternating Direction Impli-
cit (ADI) method is used to sweep in all the three
directions. The grid and time-step independence
have been tested, with the following selection for
the size of mesh and time step giving a good bal-
ance between solution accuracy and computa-
tional economy. For the spherical domains, the
mesh size is Mh ¼ p=40 in the h direction and
M/ ¼ p=40 in the / direction for both liquid
and gas phase; the mesh size in the r direction is
Mr ¼ 0:02R for the liquid phase and Mr ¼ 0:01R0

for the gas phase. As the droplet surface regresses,
the new cells added to the gas-phase spherical
domain always have a mesh size of Mr ¼ 0:01R0.
For the cartesian domain, the mesh is uniform
with Mx ðor My; MzÞ ¼ 0:1R0 within a cube with
side length of 4R0 and the center located at the
droplet center, but diverges with a factor of 1.2
with distance away from this cube. The cartesian
domain has a length of 32R0 in the z direction
(the flow direction). The domain sizes in the x
and y directions are determined by the droplet
spacing in the two directions. The time step size
is fixed and it takes about 105 time steps for
99% of the droplet volume to be vaporized. Each
calculation requires about 60 h of time on the
Pentium based computers. The errors due to the
mesh-update scheme in the gas phase are found
to be small, and have negligible influence on the
stability of the calculations.
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In order to validate the 3-D hybrid gridding
scheme and the codes, we calculated the transient
burning of an isolated droplet with the 3-D hybrid
grid and two other simplified schemes: 2-D spher-
ical grid [11] and 3-D spherical grid, which are
only applicable for an isolated droplet. The ambi-
ent pressure, ambient temperature, and initial
droplet radius are 20 atm, 1500 K, and 25 lm.
The transient average temperature around the
droplet surface and the instantaneous radius
squared of the droplet are compared for the three
grids, at two different initial Reynolds numbers:
Re0 ¼ 45 ðDa0 ¼ 0:3Þ and Re0 ¼ 89 ðDa0 ¼ 0:15Þ,
respectively. The results for the 2-D spherical grid
and the 3-D spherical grid agree very well for
both of the two initial Reynolds numbers. So,
Fig. 2 only includes the comparisons of the results
for the 3-D spherical grid and the 3-D hybrid grid,
Fig. 2. Comparisons for the 3-D spherical grid and the
3-D hybrid grid, at two different initial Reynolds
numbers for an isolated burning fuel droplet.

Fig. 3. The contours of the chemical reaction rate at t
Re0 ¼ 9 ðDa0 ¼ 1:5Þ and sp0 ¼ 5:9 d0, with the initial flame s
and sp0 ¼ 5:9 d0, with the initial flame shape wake and separ
initial flame shape envelope and connected; (d) Re0 ¼ 45 ðDa0 ¼
and connected.
showing that the transient behaviors for the two
grids are very close, at both Re0 ¼ 45 and Re0 ¼
89.
4. Results and discussion

The initial relative stream velocity U 01;0 and
the initial spacing amongst droplets sp0 are varied
to study the effects of forced convection and drop-
let interaction, at the ambient temperature T1 ¼
1500 K, ambient pressure p1 ¼ 20 atm, and initial
droplet radius R0 ¼ 25 lm. The change in the ini-
tial relative stream velocity changes the initial
Reynolds number Re0 and Damkohler number
Da0. The ambient temperature and pressure are
varied for other cases to study the influence of
the ambient conditions.

Fig. 3a–d show the contours of the chemical
reaction rate at two instants during the lifetime,
for four cases with different initial relative stream
velocity or initial droplet spacing. The initial flame
shape is either an envelope flame or a wake flame,
and either a connected flame, also known as a
group flame, or a separated flame, as determined
by the initial relative stream velocity and the ini-
tial droplet spacing. In the transient process, an
initial envelope flame remains an envelope flame,
and an initial wake flame has a tendency to
develop from a wake flame to an envelope flame.
This can be explained from the increasing surface
temperature, decreasing Reynolds number (due to
the decrease of both droplet radius and relative
stream velocity), and increasing Damkohler num-
ber (due to the faster decrease of relative stream
velocity than the droplet radius) over time, all of
wo instants during the lifetime, for four cases: (a)
hape envelope and separated; (b) Re0 ¼ 45 ðDa0 ¼ 0:3Þ
ated; (c) Re0 ¼ 9 ðDa0 ¼ 1:5Þ and sp0 ¼ 2:4 d0, with the

0:3Þ and sp0 ¼ 1:8 d0, with the initial flame shape wake
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which favor an envelope flame. The flame shows
no strong tendency to modify significantly the
standoff distance during the lifetime of the drop-
let; i.e., an initially separated flame remains a sep-
arated flame and an initially connected flame
remains a connected flame, if the initial flame is
not too close to the critical state from a separated
flame to a connected flame. This can be explained
from the general balance of the regression of the
droplet surface over time which tends to shrink
the flame, and the decreasing Reynolds number
and increasing surface temperature over time
which tend to increase the flame stand-off. Both
the decrease of the Reynolds number and the
increase of the surface temperature allow the fuel
vapor to diffuse and advect farther from the drop-
let surface and thus increase the flame stand-off.

The comparisons of the instantaneous average
surface temperature and normalized radius to
three halves power for different initial Reynolds
number at the same initial droplet spacing
ð2:4d0Þ are shown in Fig. 4. The flame is initially
an envelope flame for Re0 ¼ 9 ðDa0 ¼ 1:5Þ, and a
wake flame for Re0 ¼ 45 ðDa0 ¼ 0:3Þ and Re0 ¼
89 ðDa0 ¼ 0:15Þ, which transitions into an enve-
lope flame later during the lifetime as indicated
by the sharp increase of the average surface tem-
perature. For the situation without liquid heating,
chemical reaction and decrease of the relative
stream velocity, the curve of the instantaneous
radius to three halves power is found to be almost
linear during the lifetime. Otherwise with those
considerations, the curve is obviously convex dur-
ing the period of fast initial liquid heating, but
generally linear afterward due to the balance of
the slower liquid heating (which makes the curve
tend to be convex) and the decreasing Reynolds
number (which makes the curve tend to be
concave), with a modest jump of the slope during
the wake-to-envelope transition (which elevates
the liquid surface temperature and thus elevates
the vaporization rate) for an initial wake flame.
The decreasing ðR=R0Þ1:5 is therefore used as the
normalized time scale in the following plots for
Fig. 4. Comparisons for different initial Reynolds num-
ber, at sp0 ¼ 2:4 d0.
convenience. As greater initial Reynolds number
(and smaller initial Damkohler number) postpones
the wake-to-envelope transition which elevates the
vaporization rate for an initial wake flame, the
burning rate for the greater initial Reynolds num-
ber may be smaller for some period during the life-
time (e.g., the cases of Re0 ¼ 45 ðDa0 ¼ 0:3Þ and
Re0 ¼ 89 ðDa0 ¼ 0:15Þ in Fig. 4).

The instantaneous relative stream velocity with
different initial droplet spacing at the initial Rey-
nolds number Re0 ¼ 89 ðDa0 ¼ 0:15Þ is compared
in Fig. 5. The comparisons are also made for the
special situation without chemical reaction, to
understand the influence of the initial droplet
spacing on the relative stream velocity. Without
chemical reaction, the rate of decrease of the rela-
tive stream velocity over time increases with
decreasing spacing, with the increase greater from
2.4 d0 to 1.8 d0 than from 5.9 d0 to 2.4 d0. This
occurs because gas velocity between the adjacent
droplets and the droplet drag increase slowly with
the decreasing initial droplet spacing when the ini-
tial droplet spacing is intermediate, but rise
increasingly fast with the decreasing initial droplet
spacing when the initial droplet spacing is close to
the thickness of the velocity boundary layer
(named “velocity-increase effect” of the flow
between the adjacent droplets). With chemical
reaction, the gas velocity between the adjacent
droplets and the drag of the droplets are also
modified by the presence of the flame, i.e., with
a tendency to decrease with the decreasing initial
droplet spacing. This occurs because smaller drop-
let spacing results in a cooler, denser region
between the adjacent droplets due to the presence
of the fuel vapor and thus smaller reaction rate in
the region between the adjacent droplets. (This
behavior is named the “velocity-decrease effect”
of the flow between the adjacent droplets.) There-
fore, the rate of decrease of the relative stream
velocity for the situation with the chemical reac-
tion is influenced by two opposing factors. As
Fig. 5. Comparisons of the instantaneous relative
stream velocity for different initial droplet spacing
sp0 ðat Re0 ¼ 89Þ, under the situations with and without
chemical reaction.



G. Wu, W.A. Sirignano / Proceedings of the Combustion Institute 33 (2011) 2109–2116 2115
shown in Fig. 5, as the initial droplet spacing is
decreased from 5.9 d0 to 2.4 d0, the “velocity-
increase effect” of the flow between the adjacent
droplets is less than the “velocity-decrease effect”
and the rate of decrease of the relative stream
velocity decreases; however, as the initial droplet
spacing is further reduced to 1.8 d0, the “veloc-
ity-increase effect” of the flow between the adja-
cent droplets becomes more important because
of smaller initial droplet spacing, and the rate of
decrease of the relative stream velocity starts to
increase.

The instantaneous average surface temperature
and normalized mass burning rate at different ini-
tial droplet spacing are compared in Fig. 6a and b,
for Re0 ¼ 9 and 45, respectively. For Re0 ¼ 9
ðDa0 ¼ 1:5Þ with an envelope flame during the
lifetime, the increase of the surface temperature
is faster at the greater initial droplet spacing due
to a higher flame temperature resulting from less
interaction amongst droplets and greater chemical
reaction rate. For Re0 ¼ 45 ðDa0 ¼ 0:3Þ with an
initial wake flame, the wake-to-envelope transi-
tion during the lifetime is indicated by the sharp
increase of the average surface temperature and
the mass burning rate in Fig. 6b. As discussed pre-
viously, the flow between the adjacent droplets is
slowed as the initial droplet spacing is decreased
from 5.9 d0 to 2.4 d0, but increased as the initial
droplet spacing is decreased from 2.4 d0 to 1.8
d0. This can also explain that the instant of
wake-to-envelope transition is advanced as the
initial droplet spacing is decreased from 5.9 d0

to 2.4 d0, but tends to be postponed as the initial
droplet spacing is decreased from 2.4 d0 to 1.8 d0.
The initial droplet spacing affects the mass burn-
ing rate by the influence on the interaction of fuel
vapor amongst droplets and the time of wake-to-
envelope transition for an initial wake flame. At
Re0 ¼ 9 with an envelope flame all the time, the
mass burning rate is greater for greater initial
droplet spacing because of smaller interaction of
fuel vapor amongst droplets. At Re0 ¼ 45 for
a b

Fig. 6. Comparisons for different initial droplet spacing sp0, at
Re0 ¼ 45 ðDa0 ¼ 0:3Þ.
which the wake-to-envelope transition occurs
early, the differences of the mass burning rate
are primarily due to the differences in the wake-
to-envelope transition times for different initial
droplet spacing, and the case of sp0 ¼ 2:4d0 with
the earliest transition has the greatest overall
burning rate.

The ambient temperature or pressure is chan-
ged for some cases to study the influence of the
ambient conditions. The instantaneous average
surface temperature and normalized mass burning
rate are compared for different ambient tempera-
ture (T1 ¼ 1500 and 1200 K) but the same ambi-
ent pressure (p1 ¼ 20 atm), at Re0 ¼ 45 and 89,
and sp0 ¼ 2:4d0. As the ambient temperature is
decreased from 1500 to 1200 K, the initial relative
stream velocity decreases (for the same initial
Reynolds number) and the initial residence time
increases; however, the initial Damkohler number
decreases (from 0.3 to 0.04 for Re0 ¼ 45 and from
0.15 to 0.02 for Re0 ¼ 89) because of greater in-
crease of the reference chemical reaction time than
the initial residence time. Therefore, the cases with
the lower ambient temperature have later wake-
to-envelope transition and smaller mass burning
rate, due to the smaller initial Damkohler number
which favors a wake flame and also the slower
heating of the droplets at the lower ambient tem-
perature. The comparisons are also made for dif-
ferent ambient pressure (p1 ¼ 20 and 10 atm) but
the same ambient temperature (T1 ¼ 1500 K), at
sp0 ¼ 2:4d0 and 5.9 d0. All the cases have the same
initial relative stream velocity, with Re0 ¼ 89 and
Da0 ¼ 0:15 for the cases at p1 ¼ 20 atm, and
Re0 ¼ 45 and Da0 ¼ 0:09 for the cases at
p1 ¼ 10 atm. The average surface temperature
at the lower ambient pressure is much smaller
due to a lower boiling point. The wake-to-enve-
lope transition at the lower ambient pressure is
also later due to a smaller initial Damkohler num-
ber which favors a wake flame. Therefore, the
cases at the lower ambient pressure have smaller
mass burning rate (with the same initial relative
Re0 ¼ 9 and 45, respectively. (a) Re0 ¼ 9 ðDa0 ¼ 1:5Þ (b)
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stream velocity) because of smaller forced convec-
tion, lower surface temperature, and later wake-
to-envelope transition.
5. Concluding remarks

The transient convective burning of n-octane
droplets within a periodic array in a hot air stream
is simulated with considerations of droplet regres-
sion, deceleration of the stream flow, liquid
motion, variable properties, non-uniform surface
temperature and surface tension. The transient
flame shape, surface temperature, relative stream
velocity, and burning rate are investigated under
different initial parameters and ambient condi-
tions. The 3-D code benchmarks very well when
compared to the axisymmetric results for an iso-
lated droplet case [11].

The initial flame shape is either an envelope
flame or a wake flame, and either a connected flame
(group flame) or a separated flame, determined by
the initial relative stream velocity and the initial
droplet spacing. In the transient process, an initial
envelope flame remains an envelope flame, and an
initial wake flame has a tendency to develop from
a wake flame to an envelope flame. An initially sep-
arated flame remains a separated flame and an ini-
tially connected flame remains a connected flame, if
the initial flame is not too close to the critical state
from a separated flame to a connected flame.

At intermediate initial droplet spacing, the
decrease of the relative stream velocity becomes
smaller as the initial droplet spacing is decreased;
however, the relative velocity decrease becomes
larger as the initial droplet spacing is further reduced
and becomes comparable to the thickness of the
velocity boundary layer. Similarly, for an initial
wake flame, the wake-to-envelope transition time
is advanced as the initial droplet spacing (interme-
diate) is decreased, but tends to be postponed as
the initial droplet spacing is further reduced. The
burning rate is influenced by the Reynolds num-
ber, the wake-to-envelope transition time (for an
initial wake flame), and the interaction amongst
droplets. Smaller initial droplet spacing or smaller
initial Reynolds number may yield greater burn-
ing rate (for some period during the lifetime)
because of an earlier wake-to-envelope transition.
The curve of the instantaneous radius to three
halves power is generally linear after the period
of fast initial liquid heating due to the balance
of the slower liquid heating and the decreasing
Reynolds number, with a modest jump of the
slope during the wake-to-envelope transition for
an initial wake flame.

Lower ambient temperature yields smaller ini-
tial Damkohler number and slower heating of the
droplets, and thus causes a later wake-to-envelope
transition time and smaller mass burning rate. At
the lower ambient pressure (with the same initial
relative stream velocity), the initial Reynolds num-
ber is smaller, the average surface temperature is
smaller due to a lower boiling point, and the
wake-to-envelope transition is later due to a smal-
ler initial Damkohler number which favors a wake
flame. So, the mass burning rate at the lower ambi-
ent pressure is smaller.
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