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Modeling of Spherically Symmetric
Droplet Flames Including Complex
Chemistry: Effect of Water Addition
on n-Heptane Droplet Combustion
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Sibley School Of Mechanical and Aerospace Engineering Cornell University
Ithaca, New York 14853-7501

(Received 7 July 1995; in final form 22 February 1996)

A spherically symmetric quasi-steady model has been formulated for droplet combustion which
includes complex chemistry and variable properties. The model is applied to mixtures ofhcptane
and water.

Calculations from thc model show that the acetylene concentration inside a heptane flame
increases with increasing droplet diameter. This trend suggests an increased propensity for soot
formation with increasing droplet diameter which is in agreement with some qualitative trends
from experiment. Predicted quasi-steady burning rate constants for pure heptane droplets,
however, do not vary with droplet diameter which may be attributed \0 the model's inability to
account for the physical presence of soot particles and aggregates and their effect on heat transfer
to the droplet. The addition of water to heptane is found to lower burning rates and C2H 2

concentrations, and a limiting water concentration for stable burning is predicted, similar to prior
reported analyses based on a simplified one-step reaction mechanism.

Keywords: Droplet combustion; emulsions; complex chemistry; water addition; soot

NOMENCLATURE

Cpi specific heat capacity of species i in gas phase
D, mass diffusivity of species i in the gas phase
Dr Soret diffusion coefficient of species i in the gas phase,

'Current address: Precision combustion, INC.. 25 Science Park, New Haven, ct. 06511-1968.
2author to whom correspondence should be addressed.
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126 G. S. JACKSON AND C. T. AVEDISIAN

h, enthalpy per unit mass of species i
K droplet burning rate constant
L, heat of vaporization per unit mass of species i
In mass flow rate
R universal gas constant
r radial position from center of droplet
rd droplet radius
rp effective radius of soot agglomerate
"'h radial location of soot shell structure
T gas phase temperature
T" droplet temperature
II; diffusion velocity of species i in the gas phase
vg gas phase radial velocity
x gas phase mole fraction of air
Y; mass fraction of species i in gas
Y;, mass fraction of species i in liquid

Greeksymbols

Bi mass fractional vaporization of ith species
}. thermal conductivity of gas phase mixture
fI gas phase density
p, liquid phase density
Wi net mass production rate of species i per unit volume

1. INTRODUCTION

Theoretical models of spherically symmetric droplet combustion assume
symmetric ignition, no relative droplet/gas velocity and hence no internal
circulation, and negligible buoyancy. Under these conditions, the flow field in
the surrounding gas is one-dimensional, and the flame is spherical and
concentric with the droplet as depicted in Figure I. When soot forms under
these transport conditions, the particles can become trapped between the
droplet and its flame due to a balance of the drag and thermophoretic forces on
the particles. The presence of these microscopic soot particles and their
subsequent growth into large aggregates inside the droplet flame can influence
the droplet burning process. For example, the formation of soot can reduce the
chemical heat release rate and as a result, the droplet vaporization rate from
the ideal case when all fuel molecules are transported to the flame and
oxidized.
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128 G. S. JACKSON AND C. T. AVEDISIAN

profiles from the complex chemistry calculations to gain insights into trends
for soot formation.

The fuel selected for analysis is heptane because it is one of the few liquid
fuels that produce soot for which a complex oxidation mechanism has been
presented (Warnatz 1984; Lindstedt and Maurice, 1995). Heptane has also
been studied extensively in prior work on spherically symmetric droplet
combustion so that information exists which can be compared with the
present study. Concerning water addition to a fuel, it is known to reduce soot
formation and in the context of the present study the effect of water on
formation of precursor species is examined. The parameters in the analysis are
droplet size and water addition for a spherical heptane droplet flame.

Soot particle formation is not specifically included and, therefore, the results
approximate conditions for which soot formation would not be significant
enough to influence the overall droplet burning process. Experiments suggest
that this situation is approached when the initial droplet diameter, oxygen
concentration, and/or pressure are reduced (Jackson and Avedisian, 1994;
Choi et al., 1990). In this 'soot-free' limit (of an otherwise sooting fuel) the
extent to which the gasification rate and concentration of soot precursor
species depends on droplet diameter and water mixed with the fuel is analyzed
when complex chemistry and variable properties are included in the analysis.

The present study builds on prior work in which a one-step reaction
mechanism and quasi-steady conditions were assumed in modeling heptane
droplet combustion. Although the quasi-steady assumption is being made,
experiments (Okajima and Kumagai 1975;Jackson and Avedisian 1994) show
a time varying ratio of luminous zone (flame) to droplet diameter for near
spherically symmetric burning conditions in contrast to quasi-steady condi
tions for which this ratio is independent of time. Results from the present study
would likely be most applicable to this asymptotic period of burning, as well as
to the steady flames produced around porous spheres fed with a constant fuel
flow rate.

Puri and Libby (1991) employed a single-step flame sheet reaction and
variable gas~phase properties to analyze heptane droplet combustion. A
similar model was presented for combustion of a heptane/water emulsion
droplet (Law, 1977) but further assumed constant gas phase properties. Some
results from these two studies are compared with the present one. Card and
Williams (1991) coupled a reduced kinetic mechanism with the quasi-steady
assumption for heptane, but assumed constant properties. Concerning time
dependent models, complex kinetic mechanisms were incorporated in a model
of com bustion of a non-sooting methanol droplet (Cho et al., 1990, 1992).
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n-HEPTANE DROPLET COMBUSTION 129

Because complex chemistry is included in the current model, the distribu
tion of various species which are considered to be the primary small hydrocar
bon species contributing to soot formation can be calculated. Acetylene is used
as the primary precursor for soot in this regard (Haynes and Wagner, 1981;
Glassman, 1988). By using an approximate expression for the soot nucleation
rate (Fairweather et al., 1992) which is proportional to acetylene concentra
tion, the mass fraction of vaporized fuel which is converted to soot can be
determined.

2. ASSUMPTIONS

The following assumptions are made for the one-dimensional droplet flame
model:

I) steady-state gas and liquid phase temperatures and compositions;
2) no spatial variation in the liquid phase composition or temperature;
3) ideal gas law;
4) Fick's law of diffusion;
5) no particulates in gas phase;
6) negligible radiative heat transfer.

Consistent with these assumptions, the conservation equations for a
radially symmetric flow field (Fig. 1) can be written as

for mass conservation,

m = 4npr 2v
g = constant

. d Y, d 2 2
m-+-(r pYV)-r w·=O

dr dr " ,

(I)

(2)

for conservation of the "ith" species (23 in all with 96 reactions for the
mechanism considered (Warnatz 1984)), and

. ~ dT d ( 2 dT) 2 ~ dT 2 ~m L-(¥,Cpi)-d --d r )'-d +pr L-(¥,V;CP,)-d +r L- h,w,=O (3a)
i= 1 r r r i= 1 r i= 1
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130 G. S. JACKSON AND C.T. AVEDISIAN

for overall energy conservation where n = 23. The enthalpy, hi' in eq. 3a is

(3b)

where To is a reference temperature which by convention is 0 "K and the cpi are
assumed to be temperature dependent. The mass weighted diffusion velocity of
the ith species, Yo v" can be written as

. dY DydT
YV=-D.-'+-'-
, , 'dr T dr

(4)

To insure mass balance, calculated mass-weighted diffusion velocities (Yo v,)
are corrected by a uniform velocity in order that [7= I Yo V, = o.

For boundary conditions at the droplet surface, the droplet temperature ('1;,)
and gas phase species concentrations are determined by vapor-liquid equilib
rium. Droplet temperatures for both the pure heptane and heptane/water
mixture droplets are expected to be slightly lower than the heptane boiling
point for equilibrium vaporization conditions since heptane has a normal
saturation temperature 10K lower than that of water. The inability for vapor
equilibrium to be maintained for both phases of an emulsion (Wang, 1984)
suggests that the droplet temperature for the heptane/water droplet is prob
ably closer to the heptane boiling point than the actual equilibrium vaporiz
ation temperature which is lower.

The simplest assumption to make about the temperature of a burning
droplet is that it is at the boiling point of the fuel. The uncertainty with this
assumption was assessed semiquantitatively by imposing '1;, values ranging
from the boiling point of heptane to as low as 350 OK. Results of these
calculations (not reported here) were found to be relatively insensitive to
changes of '1;, in this range. Over this range, the calculated droplet burning rate
decreased by less than 2%, the flame radius (based on maximum temperature)
decreased by less than 5%, and the maximum flame temperature fell by
approximately 5 OK. These comparatively small changes for the conditions
considered here show that, consistent with a suggestion from prior analyses
(Williams, 1985), it is reasonable to assume a fixed temperature for the droplet
surface as the boiling point of the fuel (372 OK for heptane).

Another issue involves the potential for heat conduction into the liquid
phase due to a spatially nonuniform droplet temperature. This question also
arises because of the boundary condition at the droplet surface. For the
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n-HEPTANE DROPLET COMBUSTION 131

conditions examined here, calculations were carried out by arbitrairly impos
ing a surface temperature gradient at the droplet surface (in the liquid phase) as
high at 2*(Ta - Too)/rd• The results showed that the burning rate did not change
by more than 3% from the uniform droplet temperature case.

With the above assumptions, boundary conditions for the problem are as
follows.
Atr=rd:

Atr=oo:

• ~ 2 dT
mL..GiLi-r)'-d =0

i=l r

(5)

(6)

(7)

(8)

(9)

where the far ambience is room temperature air at atmospheric pressure for
the current study. Because internal circulation does not occur when spherical
symmetry is assumed, and the emulsion components are assumed to be
immiscible, only that amount of dispersed phase which is exposed at the
droplet surface by the receding liquid/vapor interface is vaporized. The droplet
composition is constant throughout combustion under these conditions for a
single component continuous phase and Gi = 1';,. The constant composition
approximation corresponds to a so-called 'frozen limit' which can only be
applied (Law 1977) to quasi-steady periods during emulsion droplet burning.
Unsteady phenomena associated with preferential vaporization cannot be
taken into account with such a model.

D" DT " and )" are evaluated with a previously tested model (Coffee and
Heimerl, 1981; Kee et al., 1986),while cpiand hiarefound from the CH EMKIN
thermochemical data base (Coffee and Heimerl, 1981).Liquid property values
are taken from Vargaftik (1975). Reaction rates are calculated from user
provided rate parameters, and thermochemical data are processed by the
CHEMKIN interpreter (Kee et al., 1987).
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132 G. S. JACKSON AND C T. AVEDISIAN

The choice of the kinetic mechanism for heptane was based on anticipated
computational time and accuracy. The mechanism proposed by Warnatz
(1984) consists of96 steps and 23 species. A more extensive kinetic mechanism
for heptane recently proposed by Lindstedt and Maurice (1995) consists of 659
elementary reactions and 109 species. In this phase of our modelling, we
selected the Warnatz (1984) scheme in the context of the spherical heptane
droplet flame because of its fewer number of reaction steps and the anticipated
reduction in computational time relative to the much larger scheme. Further
more, it has been used with some success in modeling the related heptane
counterfow diffusion flame. (Bui-Pharn and Seshadri, 1991). Since the goal of
the present study was to illustrate trends when detailed chemistry is incorpor
ated into a droplet combustion model for a sooting fuel, any reasonable kinetic
mechanism could be used for that purpose. The particular numerical algo
rithm which we used to solve the conservation equations, however, (described
in Section 3) is capable of incorporating any kinetic mechanism.

The Warnatz (1984) scheme does not take into account the wide range of
possibilities for the splitting or the C 7 H 15 radical (Westbrook, 1986) and
over-predicts the amount ofC3H~ formed. However, the breakdown of larger
hydrocarbons into C, and C, species occurs well before the flame front. Thus,
the high C3H~ production does not significantly change the oxidation at the
flame front.

3. NUMERICAL ALGORITHM

A numerical algorithm similar to the one employed for analyzing counterflow
diffusion flames (Smooke, 1991) is used to solve discretized versions of the
governing differential equations for the spherically symmetric steady droplet
flame. This algorithm uses time integration of the corresponding unsteady
problem to provide a guess for Newton's method to find the final solution for
the steady state discretized temperature and species profiles.

The present model uses a finite differencing scheme to solve the governing
equations. Details are given elsewhere(Jackson, 1994).After discretization, the
problem becomes one of solving a set of non-linear coupled algebraic equa
tions, where the solution vector consists of Y,.i and "0 at each node j in the
computational mesh between the droplet surface rd and the radius at "infinity",
r",(theoretically, roo = co),

For the numerical solution, the outermost nodal point situated at roo must
have a finite value. Ifit is too large, computational time can be excessive and if
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n-HEPTANE DROPLET COMBUSTION 133

it is too small the numerical solution will not be accurate. A value for roo was
selected by determining a value below which the transient droplet combustion
process would influence the oxygen species concentration during the droplet
lifetime. From such calculations, it was determined that the region of influence
of the transient droplet combustion process was approximately \00 rd' The
droplet vaporization rate was found to be insensitive to changes in roo above
\oOrd, and this value was used for the solutions presented in this study.

An initial guess for the numerical algorithm is based upon an analytical
solution from classical quasi-steady droplet combustion theory (Glassman,
1987) for the major species, which are the vaporizing fuel species,
02' H 20 , CO2, and N 2. All other species are given Gaussian profiles with
peaks either at the initially guessed flame location or inside the flame
depending on the expected peak locations in the diffusion flame. The
location of the flame for the initial guess is specified by the user rather than
calculated from fuel properties. The time-stepping algorithm pushes this
initial guess closer to the final solution before Newton's method is initiated.

Once a steady state solution is found for a particular mesh, the mesh is
refined until no more mesh refinement is necessary by a previously described
refinement criterion (Smooke, 1991). In general, for the flames modeled in this
study the final converged solution has between 150 and 300 mesh points.
Computations were done on a Silicon Graphics Indigo Workstation (with an
R8000 microprocessor). Typical computational times ranged from 2 hrs to
4 hrs depending on the difficulty of convergence.

4. HEPTANE

4.1. Species Profiles

Numerical results are reported for droplet radii, rd, ranging from 0.08 mm to
0.50 mm. When the droplet radius was decreased below 0.08 mm, the final
solution showed extinction of the chemical reactions which suggests that
0.08 mm may approximate an extinction radius for heptane for the reaction
scheme considered. This value is within the range of predictions by Card and
Williams (1991) for the reduced reaction scheme they considered in their
constant property analysis of heptane droplet combustion (cf, Fig. 8 in Card
and Williams, 1991). However, in an actual droplet combustion experiment,
the flame is not steady but moves in toward the droplet to sustain combustion
before undergoing extinction, and these effects are not considered in the
analyses.
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134 G. S. JACKSON AND c.T. AVEDISIAN

Figure 2 illustrates the variation of some important gas phase species with Yd

for a pure heptane droplet flame. The increased time for pyrolysis in the larger
droplet flames results in the destruction or C 7H 16 occurring at lower values of
ylYd as Yd increased as shown in Figure 2. This increased time for pyrolysis
causes an increase in the formation of intermediates such as C 2H 2 : the mass
fraction profile of C2H 2 for the O.50mm radius heptane droplet peaks at a
value five times higher than for the profile of the O.IOmm heptane droplet.
Figure 2 also shows that as Yd increases, proportionately less O 2 diffuses
through the oxidation zone unreacted, and proportionally less CO is trans
ported out of the flame toward the ambience. This result suggests that more
complete oxidation occurs as the droplet size increases. The increase in O 2

leakage is not significant enough to alter the droplet burning rate constants as
discussed in the next section.

Figure 3 compares predicted heptane and oxygen species distributions with
results reported by Puri and Libby (1991). The effect of the flame sheet
approximation is evident as the species distributions are essentially zero at the
'flame front' in the calculations reported by Puri and Libby (1991), which from
the results shown in Figure 3 is at rlr, ~ 10. On the other hand, the results in
Figure 2 show a continuous distribution of oxygen throughout the gas phase.
The complex kinetic scheme considered here suggests a much broader reaction
zone where C 7 H 16 and O 2 mass fractions are below 10- 3 and reactive
intermediates have relatively high concentrations.

FIGUR E 2 Distribution of various species around heptane droplets of several different radii.
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n-HEPTANE DROPLET COMBUSTION 135

-present study; heptane

••••• Purl & Libby (1991); heptane

-.--- Purl & Libby (1991); oxygen

--present study; oxygen

605030 40
r/r

d

2010

FIG UR E 3 Comparision of results with model of Puri and Libby (1991).

4.2. Temperature Profiles and Burning Rate Constants

The flame front can be defined in various ways, such as by the peak in OH mass
fraction or by the peak temperature. The temperature profiles in Figure 4 for
different heptane droplet flames consistently peak at 'I'd::::< 11 and the OH
profiles reach their maximums at 14 < 'I'd < 15. Both OH and temperature
peaks indicate flame zones further out than measured flame locations (between
6'd and 8'd) from microgravity droplet combustion experiments (Jackson and
Avedisian, 1994).Several reasons for the disparities are the following: the flame
never reaches its quasi-steady location for the droplet sizes investigated in the
experiments; the luminous boundary may not correspond to the location of
peak temperature in the droplet combustion experiments; or the model does
not incorporate the influence of soot formation.

The temperature profiles for various sized droplets are coincident near the
droplet surface as shown in Figure 4. Using the relationship nl = Kpt'd/8,
coincident temperature profiles near the droplet surface for different droplet
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10 20 30 40

FIGURE 4 Variation of gas phase temperature and OH species with radial location for droplets
of different radius, rd"

sizes imply similar burning rate values since K can be expressed as

(10)

where the gradient is evaluated at r = rd' Actually, K was found to vary over a
small range, 0.86 to 0.87 mm? Is, for the range of droplet sizes considered.

Figure 5 compares the temperature distribution reported by Puri and Libby
(1991) with the calculations of this study for the 0.5mm radius droplet of
Figure 4, (results for smaller radii yielded larger differences). The effect of the
flame sheet approximation is evidenced by the sharp peak in temperature at
rlrd "" 10 for the previous results (Puri and Libby, 1991). By contrast, the
temperature distribution calculated here shows a broader and lower peak due to
the exothermic oxidation reactions occurring over a distributed reactive zone.
However, the location of the peak temperature, which is often used to define the
position of the flame, is nearly the same for the two calculations. The agreement
in flame locations of the two models suggests that the differences in reaction
kinetics do not overwhelm the similarity in fuel transport to the flame zone.

The present analysis does not account for soot particle formation and the
conversion of fuel molecules to soot. A nonzero soot formation rate should
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n-HEPTANE DROPLET COMBUSTION 137

2000

500

-,". __praat,cud1

- - - - . Purt,. Libby (1991)

10 20 30 40 50 60 70

FIGURE 5 Variation of gas phase temperature with radial position for a .5 mm radius heptane
droplet.

lower both the heat release at the flame and the gasification rate compared to
the situation considered here in which essentially no conversion of fuel to soot
particles is accounted for. As the droplet size increases, some limited informa
tion exists (e.g.,Jackson et al., 1992;Jackson and Avedisian, 1994;Gupta et al.,
1994)which shows that the amount of soot formed increases, both absolutely
and when proportioned to the mass of fuel burned. Based on this, the
gasification rate predicted by the present model would be an upper bound for
heptane which is approached by very small droplets which burn with virtually
no soot formation-a kind of 'soot-free' burning rate limit for a sooting fuel.
Such a limit might also be reached for larger droplets if experimental condi
tions effect fuel molecule transport to the flame, such as convection which can
also break up the delicate soot shell and alter its shape.

The predicted value of about 0.86 mm 2/s, essentially independent of droplet
size, is about 15% higher than droplets with do about 0.5 mm (Jackson and
Avedisian, 1994),and 50% higher than measured for 1.0mm diameter droplets
(Choi et al., 1990; Jackson and Avedisian, 1994). The 15% difference for
smaller droplets where soot formation may not be significant is likely due to a
combination of uncertainties in property value correlations (with temperature
and composition) used in the model, and experimental uncertainty. For the
1.0mm diameter droplets, differences with experiment are substantial and
outside the range of uncertainty in either the model results or experimental
data. However, several investigators have also reported gasification rates for
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138 G. S. JACKSON AND C. T. AVEDlStAN

large (1.0mm) droplets which are quite close to the small (0.5mm) droplet
values, and it has been speculated (Choi et a/., 1990) that factors may have been
present in the experiment that promoted soot particle and fuel molecule
transport to the flame. For example, the limiting value of K predicted here is
consistent with some prior reported gasification rate values for heptane
droplets with initial diameters of about 1.0 mm (e.g., Chauveau et aI., 1993;
Okajima and Kumagai, 1975) in which spherical soot shells were not specifi
cally observed, because of the reasons cited above. Evidently, it is difficult to
create the requisite degree of sphericity in all stages (ignition to burnout) of a
droplet burning experiment to obtain gasification rates for 'large' droplets
(do ~ I mm) that would be significantly lower than K for 'small' droplets
(do < 0.5 mm).

4.3. Soot Shell Predictions and Propensity for Soot Formation

Soot formation is neglected in this model due in part to the difficulty of
accurately modeling particle movement and aggregate growth inside the flame.
However, temperature gradients and Stefan velocities can certainly be cal
culated from the numerical solutions. A fictitious situation is considered in
which a particle resides between the droplet and flame but does not influence the
transport processes. Forces acting on the particle are calculated to find the
location where they balance. Equations from Jackson et a/.,(1992) are used to
calculate the inwardly directed thermophoretic force and the outwardly directed
drag force due to Stefan flow, with the thermophoretic force being based on the
formulation of Talbot et aI., (1980). The particles are assumed to be spherical
because formulations for nonspherical particles are not yet available.

Predicted radii, r,h' where forces balance on soot particles of radius rpare
shown in Figure 6. Particles with r p less than I0.0 urn are predicted to reside at
a radial location midway between the droplet surface and the flame boundary.
The soot shell position is relatively insensitive to particle radius for r p < I urn
and particles less than about I urn will be trapped in a narrow location,
~'h( "" (r'h - rd)/(rf - rd)), of just less than 0.6 as shown in Figure 6. As rp
increases above I urn, ¢'h rapidly increases, and for r p > 5 urn no particles are
trapped inside the flame. The predicted location where forces balance shown in
Figure 6 is larger than observed in some experiments (r'hlrdaround 3 (Jackson
and Avedisian 1994)). The difference may be due in part to the fact that the
model assumes a quasi-steady flame and predicts larger flame diameters than
measured. Larger flames decrease temperature gradients which result in lower
thermophoretic forces.
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fiGURE 6 Non-dimensional radius, (" where forces balance on particles of radius rP'

The stability of the soot shell is determined by the gradient of the net force
acting on soot particles. Figure 7 shows the variation of net force ( (non
dimensionalized by a calculated Millikan drag force) for three values of,p

Two positions where forces on particles balance (corresponding to ( = 0) are
indicated: one near the droplet (#1) and another closer to the flame (#2). The
stable position corresponds to d(/d~I,=,'h < 0, or position #1 in Figure 7,
while the entrapment position closer to the flame (#2) is unstable. Flow
perturbations at position #2 will either push particles inward to position #1 or
move them out through the flame beyond which both thermophoretic and
drag forces act in the direction away from the droplet (at the flame front
(( = 1), aT/a, = 0 and the thermophoretic force is zero).

For the stable shell position shown in the blown-up region in Figure 7,d(/d~
decreases as rp increases (see inset). This means that smaller particles are more
likely to be locked into the shell than larger particles. As aggregates continue
to grow they become more vulnerable to gas phase disturbances from convec
tive flows because of the reduced magnitudes of thermophoretic and Stefan
drag forces acting on them. Break-up of the shell is thus more likely to be
initiated by larger aggregates which form later in the burning history and drift
outward. This trend is in qualitative agreement with experimental observa-
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FIGURE 7 Dislribution of net force on particles of radiusrp around a burning heptane droplet.

tions that have shown such outward drifting of large aggregates (Jackson and
Avedisian, 1994).

Figure 2 previously showed the distribution of C2H 2 around droplets for
three droplet radii. Generally, higher peak concentrations are realized as 'p
increases, but the concentration also broadens as 'p decreases. To better
quantify C2H 2 formation which we assume to be a primary precursor to soot,
the total amount ofC2H 2 formed between the droplet and flame is calculated
by integrating the C 2H 2 distribution:

(II)

where, 00 ~ 100,d as discussed in Section 3. Dividing m,OO! by the mass evapor
ation rate of fuel, nifud' gives the proportional amount of soot formed per unit
mass of fuel vaporized. An increased tendency for vaporized fuel to produce
soot would imply a decrease in the heat release at the flame due to fewer fuel
molecules oxidizing at the flame and hence lower heat transfer to the droplet. A
variation of K with 'd should then track with the variation ofmroo.lmfu,1 with 'd'
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n-HEPTANE DROPLET COMBUSTION 141

Parameters in eq. II were taken from Fairweather et al., (1992). The
pre-exponential A is 10.36*106 s -1, the activation energy En is set at

172 kJ/mole and W.OOI is 12000 g/mol, The variation of m,oo.lmr'd with rd is
shown in Figure 8 for heptane droplets in the range 0.08 < rd < 0.5 mm. As rd

increases, the fraction of vaporized fuel which should go to soot formation
increases (from 0.2% for rd = 0.1 mm to 6.6% for rd = 0.5 mm). By inference,
the chemical energy released at the flame would be reduced accordingly which
in turn will reduce the heat flux to the droplet and lower the gasification rate.
Thus, although the model does not directly account for soot formation and
therefore predicts burning rates for heptane droples which do not vary
substantially with rd , it does suggest that soot formation would increase with
rd' This general trend has been qualitatively observed in microgravity experi
ments (Jackson and Avedisian, 1994), and more quantitatively for droplets
burning in a convective environment (Gupta et al., 1994).

5. HEPTANEjWATER MIXTURES

5.1. Species Profiles and Propensity for Soot Formation

Figure 9 shows the distribution of several gas phase species around steady
droplet flames (with r d = 0.30mm) of heptane/water emulsions with the in
dicated initial water content as the parameter. As the water concentration

!i 0.01.e-
.}

0.001

0.0001
o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

rd(tnrnj

FIGURE 8 Effectof droplet radius on propensity for soot formation for various heptane/water
mixtures.
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142 G. S. JACKSON AND C. T. AVEDISIAN

FIGUR E 9 Distribution of various species around a heptane/water emulsion droplet.

inside the droplet increases, the profiles for O 2 move in toward the droplet
surface which indicates a decrease in flame diameters. More O 2 leaks through
the flame zone as the water content increases, which may be partly caused by
thinner flames. Figure 9 also shows that peaks in CO and C2H 2 mass fraction
profiles decrease with increasing liquid water content. The reduction in CO
may be caused by the increased H 20 inside the flame pushing the water-gas
shift equilibrium toward CO2 . Decreases in C2H 2 mass fractions may result in
part from decreased time for fuel pyrolysis due to smaller flames as the water
content increases.

The propensity for soot formation in heptane/water mixture flames is
approximated in the same manner as for pure heptane droplet flames. msoo t is
evaluated from Equation II for 70% and 90% by volume heptane/water
emulsions. Results are shown in Figure 8 where mruoJ for the heptane/water
mixtures includes only the mass of heptane vaporized. The decrease in the
fraction of heptane going to soot formation shows the effectiveness of the
vaporizing water in reducing the propensity for soot formation. Small in
creases in liquid water content substantially decrease the propensity for soot
formation for a given amount of fuel burned. The model results suggest that a
10% by volume water addition reduces the propensity for soot formation by
approximately4 times for a given droplet size, and further that 30% by volume
water addition decreases the soot formation by as much as 40 times. The
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n-HEPTANE DROPLET COMBUSTION 143

reduction in soot formation with increasing water content may be explained
by the effect of water on reducing the flame diameter along with the associated
time for fuel pyrolysis and on causing a more rapid rise in the concentration of
oxidizing OH radicals.

5.2. Temperature Profiles and Burning Rate Constants

Figure 10 shows the distribution ofOH and temperature in the gas surround
ing a heptane/water droplet. The results show that increasing the amount of
water in the emulsion decreases the peak (flame) temperature as illustrated for
70% and 90% by volume heptane/water emulsion droplets (with
rd = 0.30 mm). While the present model predicts a peak temperature of ap
proximately 2060 K for a pure heptane flame, 30% water addition lowers the
peak gas temperature to about 1880 K. Concerning the OH profiles, they rise
much more rapidly with increased water content due to smaller flames, but
they also have sharper peaks as well.

Both the peak gas temperature decreases and the peak OH concentration
moves inward (either one of which is sometimes taken as the flame position) as
the water content in the liquid phase is increased as shown in Figure 10. The
former point is further illustrated in Figure II which shows the variation of
peak gas temperature, and location of that peak (rf/rd) , with increasing water

40302010

300L...!~--L-'---L...1---'-...L-'---L...1---'-...L"-''--L---'-''-'---"-,>....L-.L.-'--'---'

o

700

FIGURE 10 Variation of gas phase temperature and OH species with radial location around a
heptane/water mixture droplet.
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FIGURE 11 Variation of flame temperatureand flame radius with water volume percent for a
0.3 mm radius droplet.

content. The decrease in the flame diameter with increasing water content may
arise from the increase in the heat of vaporization of the mixture as water is
added to the fuel. While heptane has a heat of vaporization of 317 J/g, the heat
of vaporization for water is 2263 J/g. The increased heat of vaporization due to
the water requires steeper gas phase temperature gradients at the droplet
surface to maintain vaporization rates to sustain combustion. Thus, the flame
moves closer to the droplet surface as shown in Figure II. For high enough
water content, the required temperature gradients become too steep for the
heat release provided by the fuel and stable burning stops.

Figure II shows that both the flame temperature and the flame diameter are
reduced as the water content is increased. The reduction in the flame diameter
as well as the decrease in temperatures inside the flame where fuel pyrolysis
occurs should cause the propensity for soot formation to decrease with
increasing liquid water content. Figure 12 illustrates the variation of ni,oo,'
calculated from eq. II, with water content for rd = 0.3 mm. The results show
that soot formation for a given amount of fuel falls off quite rapidly as the
water content is increased and in fact is reduced by 3 orders of magnitude for
50% by voume water addition.

Burning rates for heptane/water mixture droplets were calculated to de
crease as liquid water content increased. Figure 13shows this trend (solid line)

D
ow

nl
oa

de
d 

by
 [

C
or

ne
ll 

U
ni

ve
rs

ity
 L

ib
ra

ry
] 

at
 1

7:
43

 2
5 

N
ov

em
be

r 
20

14
 



n-HEPTANE DROPLET COMBUSTION 145

0.1

0.01

~
...§

0.001

J
0.0001

0.00001
o 10 20 30 40 50

Water Volume %
60 70

FIGURE 12 Effect of water concentration on fractional conversion of vaporized heptane to
soot.

for r d = 0.3 mm. Stable burning existed up to about 60% water volume percent
for r d = 0.3 mm, after which, according to Figure 13, the flame temperature
evidently dropped to a low enough value that burning could not be sustained.
Results are also compared to a quasi-steady, constant property model for
spherically symmetric emulsion droplet combustion. The burning rate from
the constant property model according to the classical theory (e.g.,Glassman
1987) is calculated from

8A
K=-ln(l +B)

PICp
(12)

where P,=tPp.,+(I-tP)Pf' Cp=tPCp.,+(I-tP)Cpf and ;.=kyx+
(l - x)k f . It has been shown (Law, 1977) that for 'frozen', quasi steady, and
constant property spherically symmetric combustion of an emulsion droplet
experiencing a single step reaction process

(13)
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FIGURE 13 Droplet burning rate from present model compared with a constant property,
single step reaction model.

Ow is related to the water volume fraction, 1/>, as

1/>= 1
pw[l-ew] + 1
Pf ew

(14)

Because the analysis which led to eq. 13 assumes constant properties, and the
selection of the property values strongly effects gasification rate predictions,
for purposes of comparison we chose property values in eqs. 12-14so that the
predicted gasification rate would match that of pure heptane (I/> = 0) cal
culated from the present study. For this purpose, x was simply adjusted to 0.7
to achieve the match. The other properties are evaluated at a mean tempera-
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TABLE II Property Values for Eqs. 12-14

147

C jI338 OK)
c'(I338 OK)
p;r372 OK)
p.(372 OK)
k,(1338°K)
k/1338°K)
Yo
y
Q~oo

Too
T,
L/372 OK)
L,.(372 OK)

1.024caljgm - K
599
.614g(cm'
.958g(cm'

1.94 x 10- 4 cal/cm-s-K
3.39 x 1O- 4 caljcm-s-K
II

.232
11,607caljgm

300K
372K
75.6 cal(gm

539.36 caljgm

ture between the droplet and flame, as listed in Table land were taken from
Touloukian et al., (1970) and Vargaftik (1975).

There are substantial differences between eqs. 12-14(dotted line) and the
present calculation as shown in Figure 13. The assumptions concerning
property values (variable versus constant) and combustion chemistry (single
step versus complex) cause the differences shown. The limit of stable burning
predicted from the single step, constant property formulation (indicated by the
vertical bar at end of curves in Figure 13, occurs at a higher water content and
corresponds to a well defined (mathematical) limit of rf/rd = 1. When the
present complex chemistry model is used, stable flames are calculated down to
only 38% by volume heptane. Below this liquid concentration of heptane the
flame temperature drops below a point at which combustion can no longer
sustain droplet vaporization and fuel pyrolysis. As indicated in Figure II, this
is realized well before r f = rd'

6. SUMMARY

When complex chemistry is considered in a droplet flame model, predicted
C2H 2 species profiles produced during combustion of heptane/water mixture
droplets vary with droplet size and water content. The predicted burning rates
are higher than experimental values and independent of droplet size, which
can be attributed to the inability of the model to account for the lowering of the
heat release at the flame due to soot formation. However, fractions of
vaporized fuel leading to soot formation were shown to decrease with decreas-
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148 G. S. JACKSON AND C T. AVEDISIAN

ing droplet size due to smaller flames and less time for fuel pyrolysis. Also, the
addition of water to heptane is also shown to decrease flame diameters and
thereby reduce significantly the time for fuel pyrolysis and hence soot forma
tion. Burning rate constants and flame temperatures both decrease as water
content increases.

The present model has limits in that it does not account for the transient
development of concentration gradients inside the droplet and of the gas phase
species profiles. Transient effects in the liquid phase are significant for multi
component fuels, and the gas phase transient effects are important for all fuels
early and late in the burning process. To incorporate these effects, the liquid
phase must be modeled for droplet heating and changes in fuel composition
with time. Nonetheless, the model in its current from does provide information
on trends that aid in our understanding of the structure of droplet flames
for fuels which do not significantly alter their liquid composition during
combustion.
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