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Abstract
Auto-ignition and combustion of single fuel droplets of methanol, n-heptane and iso-octane are studied.
The numerical simulations are based on a detailed vaporization model, a detailed transport model and
detailed chemical kinetics. The governing equations of the two phases are solved in a fully coupled way.
The influence of different physical parameters like droplet temperature, gas phase temperature, ambient
gas pressure and droplet velocity on the ignition process is investigated and the results are compared. It
turns out that the ambient gas temperature highly influences the ignition delay time similar to the case
of the auto-ignition of a homogeneous gas mixture. The ignition delay time decreases with increasing
pressure, which can also be observed in homogeneous gas mixtures. This decrease can be described by
a rational law. The influence of the droplet temperature is negligible. In addition the ignition delay
time is almost independent of the droplet velocity, provided that the flow is not too strong, so that the
flame is ”blown out”.

Introduction
In many technical systems sprays of small fuel

droplets are burnt in the presence of air. The
liquid fuel is injected into the combustion cham-
ber and the combustion arises as the droplets va-
porize and fuel vapor mixes with air. A reliable
description and simulation of spray combustion
requires a detailed understanding of droplet ig-
nition and combustion. The simplest model of
the fuel spray ignition process is the ignition of
an ensemble of single fuel droplets. If micro-
gravity droplet combustion is regarded, i.e. no
gravitation, no relative motion of droplet and gas
phase, the considered system can be assumed to
have a spherical symmetry. Hence only a system
of one-dimensional conservation equations has to
be solved. This regime is appropriate to inves-
tigate the basic physical and chemical processes,
like vaporization, molecular transport and chemi-
cal kinetics and their interaction. Particularly for
describing transient processes like the ignition of
the droplet the understanding of this interaction
is necessary. To account for a gas flow around
the droplet or the ignition process of an array of
droplets at least two-dimensional geometries have
to be simulated. The combustion of a single liq-
uid droplet in a quiescent atmosphere has been
studied extensively both experimentally and nu-
merically. Most of the experimental researches
deal with the fuel methanol [1, 2, 3, 4, 5] and
n-heptane [6, 7, 8, 2, 9]. Numerical simulations

have been presented for methanol droplets [10]
and n-heptane droplets [11, 12, 13, 14]. Only a
little number of studies do not assume spherical
symmetry and nevertheless consider the physics of
the droplets and the chemical processes in detail
[15, 16, 3, 5]. Because the d2-law yields relatively
good estimates of the vaporization rate K of the
droplet this vaporization rate is presented in most
of the researches. Therefore the vaporization rates
of methanol, n-heptane and iso-octane droplets ob-
tained from our numerical simulations are stated
and compared with former results found in litera-
ture. With regard to technical applications, like in
gas turbines or combustion engines, the influence
of ambient physical properties on the ignition pro-
cess are of major interest. Thus parametric stud-
ies are performed to construct libraries of droplet
combustion which can be used, e.g. in flamelet-like
calculations of turbulent spray combustion. Pa-
rameters like the droplet temperature, gas temper-
ature, pressure as well as the boundary conditions
are varied. Studies of the ignition and combustion
of methanol, n-heptane and iso-octane droplets in
air are presented.

Specific Objectives
To construct libraries of droplet combustion,

which can be used e.g. in flamelet-like calcula-
tions of turbulent spray combustion, the influence
of different physical properties on the ignition and
the combustion process has to be investigated in
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Figure 1: d2-law of a methanol droplet in air (p = 1bar, rD = 100µm)

detail. Parametric studies of the dependence of
the ignition delay time on the droplet tempera-
ture, ambient gas temperature, ambient gas pres-
sure and the gas flow are performed and the results
are presented.

To investigate the influence of different physi-
cal properties on the transient ignition process, the
physical and chemical processes have to be simu-
lated in detail. The chemical kinetics of the in-
vestigated fuels are governed by a large number
of chemical species and elementary reactions. In
the case of the methanol combustion the detailed
high-temperature reaction mechanism of Chevalier
and Warnatz [17] contains 23 chemical species and
166 elementary reactions. In the case of n-heptane
and iso-octane detailed chemistry is provided by
two reaction mechanisms of Golovitchev [18] in-
cluding 62 chemical species and 572 elementary
reactions (n-heptane) and 84 chemical species and
824 elementary reactions (iso-octane). The trans-
port processes are also modeled in detail. Merely
the Dufour effect and diffusion by pressure gradi-
ents are not taken into account, because they are
negligible compared to the mass diffusion. Fouriers
law is used to determine the heat fluxes. For the
determination of the diffusion coefficients the ap-
proximation of Curtis and Hirschfelder [19] is used.
The liquid phase properties are calculated by the
data correlations taken from Reid et al. [20]. The
detailed vaporization model governs the interface
equations, which are based on a local phase equi-
librium.

The conservation equations of the gas phase
and the liquid phase are solved in a fully coupled
way [21]. Efficient numerical methods for the so-
lution of the underlying partial differential equa-
tion systems are devised. The governing equations

are discretized using finite difference techniques.
The resulting differential-algebraic equation sys-
tem is solved by the linearly implicit extrapolation
method LIMEX [22].

Results and Discussion
Simulations are performed for isobaric condi-

tions with ambient pressures of 1bar and 7bar. At
first the vaporization rates of the droplets are stud-
ied. In the cases of all fuels the temporal evolution
of the droplet diameter follows the d2-law

d2 = d2
0 −K · t . (1)

To evaluate the performed simulations the va-
porization rates K of methanol and n-heptane are
compared with values taken from literature. To
allow comparisons with former experimental and
numerical results these simulations are performed
with an ambient pressure of 1bar. The vaporiza-
tion rates K of the three different fuels are de-
termined for initial ambient gas temperatures of
1200K and 1600K.

In figure 1 one can see the time evolution of
the diameter of a methanol droplet in air. The
sharp bends of the lines clearly identify the ignition
points. After ignition the vaporization rates are in-
creased. The vaporization rates after ignition are
determined to 0.74mm2/s and 0.79mm2/s. These
vaporization rates show good agreement with the
experimental results of 0.56mm2/s of Cho et al.
[10], of 0.71mm2/s of Vieille et al. [2] and the nu-
merical results of 0.61mm2/s of Cho et al. [10], of
0.8mm2/s of Marchese et al. [1] and of 0.75mm2/s
of Chauveau et al. [4]. A closer comparison of
the results is not possible because of the different
ambient conditions of the studies.

In the case of n-heptane (figure 2) the vaporiza-
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Figure 2: d2-law of a n-heptane droplet in air
(p = 1bar, rD = 100µm)
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Figure 3: d2-law of a iso-octane droplet in air
(p = 1bar, rD = 100µm)

tion rates of 0.80mm2/s and 0.90mm2/s also com-
ply with the experimental results of 0.85mm2/s of
Vieille et al. [2], of 0.758mm2/s of Jackson and
Avedisian [8] and 0.75mm2/s of Hara and Kuma-
gai [7] and the numerical result of 0.8mm2/s of
Cho and Dryer [11]. The ambient conditions of the
studies also differ from each other as in the case
of methanol. For example the ambient gas tem-
perature is much higher in our case because the
auto-ignition of fuel droplets in a hot gas phase is
investigated. In the studies [2, 8, 7, 11] the droplet
is ignited by an ignition source. Therefore a closer
comparison of the vaporization rates is not possi-
ble.

To the best of our knowledge vaporization rates
of burning iso-octane droplets cannot be found in
literature. Figure 3 shows vaporization rates of
0.75mm2/s for the initial ambient gas temperature
of 1600K. It can be summarized, that the vapor-
ization rates of the droplets of the fuels methanol
and n-heptane show good agreement with results
taken from literature. In the case of iso-octane a
vaporization rate of 0.75mm2/s is determined.

In the following the dependence of the ignition
delay time of single fuel droplets on several physi-
cal properties will be investigated. In figure 4 and
5 the ignition delay times for simulations with fixed
and variable droplet temperatures are presented.
In the case of a variable droplet temperature the
temperature of the liquid phase depends both on
time and space. At an ambient pressure of 7bar the
boiling temperature of methanol is 396K. Thus to
investigate the influence of the droplet tempera-
ture a temperature of 384K, close to the boiling
temperature, and a lower temperature of 376K are
chosen. In the case of n-heptane the boiling tem-
perature at an ambient pressure of 7bar is 454K.
Analogous to the case of methanol a temperature
close to the boiling temperature and a lower tem-
perature are chosen. So the fixed droplet temper-
atures are set to 450K and 379K.

Figure 4 and figure 5 show a minor dependence
of the ignition delay time on the droplet temper-
ature. If the fixed droplet temperature is high
enough, it does not influence the ignition delay
time. Thus to reduce the computing time and
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Figure 4: Arrhenius plot of the ignition delay time
for different droplet temperatures in the case of
methanol droplets (p = 7bar, rD = 100µm)
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Figure 5: Arrhenius plot of the ignition delay time
for different droplet temperatures in the case of
n-heptane droplets (p = 7bar, rD = 100µm)
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Figure 6: Dependence of ignition delay time on
ambient gas temperature (rD = 50µm, Tg =
1200K)
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Figure 7: Dependence of ignition delay time on
ambient pressure (n-heptane, rD = 50µm, Tg =
1200K)

to ensure numerical stability the following calcula-
tions are performed with a fixed droplet tempera-
ture.

The ambient gas temperature is the physical
property, which has the largest influence on the
auto-ignition process of a fuel droplet. Thus the
ambient gas temperature is varied from 600K to
2000K to investigate the influence on the ignition
delay time. In figure 6 the Arrhenius plots of the
three fuels methanol, n-heptane and iso-octane are
shown. All three fuels show the typical exponential
dependence of the ignition delay time on the gas
temperature with a plateau between 1000K and
700K. Ignition delay times of methanol are only
calculated for temperature above 1000K because
the reaction mechanism of Chevalier and Warnatz
used in this work is devised only for the high tem-
perature domain [17]. The temperature depen-
dence is similar to the case of a auto-igniting ho-
mogeneous gas phase. Iso-octane droplets have the
largest ignition delay time of the three investigated
fuels. Furthermore n-heptane droplets ignite faster
than methanol and iso-octane droplets. However
the shape of the function graphs tign(Tg) slightly
differ from the shape of the function in the cases
of homogeneous gas phase and an offset, varying
with temperature, can be observed. Thus it can
be stated, that the decrease of the ignition delay
times with increasing gas temperature can be at-
tributed mainly to the speedup of the chemical ki-
netics. However the influence of the vaporization
process plays a significant role, too.

In technical applications a multitude of differ-
ent pressures arises. Hence the influence of the
ambient pressure on the ignition delay time is of
interest.

In figure 7 a decrease of the ignition delay time
with increasing pressure can be observed. This
decrease of the ignition delay time follows a power
law (c.f. the logarithmic scaling of both axes in

figure 7). The exponent of the power law is deter-
mined to −0.4.

tign(p) ∝
(

p

p0

)−0.4

(2)

The decrease of the ignition delay can be at-
tributed mainly to the speedup of the chemical ki-
netics. An analogous change of the ignition delay
time can be observed in the case of homogeneous
n-heptane/air gas mixtures. In this case the ex-
ponent of the power law is determined to approx-
imately −0.6.

In technical combustion chambers the flow field
is often turbulent. Thus the droplet is exposed to
an alternating gas flow during the ignition pro-
cess. To investigate the influence of this gas flow
the ignition delay times of a methanol droplet at
different droplet velocities are calculated. To in-
vestigate this regime two-dimensional simulations
are necessary. Figure 8 shows the temperature pro-
file of the simulated two-dimensional regime. As
one can see, the flame front is not spherical sym-
metric. In fact it is distorted to a V-shape by the
gas flow.

The dependence of the ignition delay time on
the droplet velocity is presented in figure 9. For
velocities less than 20m/s the ignition delay time
is not affected by the gas flow. In fact the igni-
tion delay time remains almost constant despite of
variation of the velocity covering three orders of
magnitude. However other characteristical prop-
erties of the combustion process like the shape of
the flame front are influenced by the varying ve-
locity. No ignition occurs, if the velocity is larger
than 50m/s. With an increasing droplet velocity
the profiles are steepened and accordingly the dif-
fusion fluxes become higher. If the droplet velocity
exceeds 50m/s the local strain is so high, that the
flame extinguishes.
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Figure 8: Temperature profile (methanol, t =
10ms, p = 7bar, rD = 100µm, Tg = 1600K,
v = 10m/s)
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Figure 9: Dependence of ignition delay time on
droplet velocity (methanol, rD = 100µm, Tg =
1600K)

Conclusion
The auto-ignition process of isolated droplets

of three different fuels (methanol, n-heptane, iso-
octane) in air is investigated. The simulations are
performed for isobaric conditions and with detailed
models for the vaporization, transport processes
and chemical kinetics.

The time evolution of the droplet radius fol-
lows the d2-law in the cases of all fuels. The re-
sults of the performed simulations are confirmed
by a good agreement of the determined vaporiza-
tion rates with several experimental and numerical
values taken from the literature. The influence of
different physical properties on the ignition delay
time is studied. The dependence of the ignition
delay time on the droplet temperature can be ne-
glected. The ambient gas temperature shows a
major influence on the ignition delay times. The
ratios of the ignition delay times of the different
fuels remain almost the same as in the case of the
auto-ignition of homogeneous gas mixtures. How-
ever the shape of the Arrhenius plots differ from
the homogeneous case. If the ambient pressure
is increased, the ignition delay time of n-heptane
droplets decreases following a rational law with an
exponent of −0.4. The ignition delay time is not
affected by the droplet velocity for velocities less
than 20m/s. However if the droplet velocity ex-
ceeds 50m/s, the vaporized fuel is ”blown out” and
no ignition can take place.

Further studies will focus on the auto-ignition
process of multicomponent droplets [1, 3, 12], like
n-heptane/iso-octane droplets to obtain a better
description of the influences of technical condi-

tions.
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A. Odeide and I. Gökalp. In Twenty-Sixth
Symposium (International) on Combustion,
The Combustion Institute, pages 1259–1265,
Pittsburgh, 1996.

[3] K. Okai, O. Moriue, M. Araki, M. Tsue,
M. Kono, J. Sato, D.L. Dietrich and F.A.
Williams. Combustion and Flame, 121:501–
512, 2000.

[4] C. Chauveau, I. Gökalp, D. Segawa and
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