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Abstract

The autoignition process of single n-heptane droplets in air is simulated for spherical symmetry and at constant
pressure. Using a detailed transport model and detailed chemical kinetics, the governing equations of the two
phases are solved in a fully coupled way. The ambient gas temperature is varied from 600 to 2000 K. Simulations
are performed for isobaric conditions. The initial droplet radius ranges from 10 to 200 µm. The influence of
different physical parameters, such as ambient pressure, droplet radius, or initial conditions, on the ignition delay
time and the location of the ignition is investigated. The gas temperature turns out to be the parameter dominating
the ignition process. The droplet temperature shows a minor influence on the ignition delay time. The influence
of the droplet radius on the ignition delay shows a high sensitivity to other ambient conditions, such as ambient
temperature and pressure.
© 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

A detailed understanding of droplet ignition and
combustion is of interest with a view to a reliable de-
scription and prediction of spray combustion, which
is important in many technical applications, such as
LPP gas turbines [1] or combustion engines [2]. Es-
pecially, a detailed understanding of the basic phys-
ical and chemical processes, such as vaporization,
transport and chemical kinetics, is required for a reli-
able modeling. The status of spray combustion mod-
eling has been reviewed, for instance, by Law [3],
Faeth [4], and Chiu [5]. Flamelet modeling of turbu-
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lent spray flames based on flame libraries has been
performed by Hollmann and Gutheil [6]. A crucial
issue in simulating spray combustion is the model-
ing of the vaporization of the droplets. Widely used
modeling assumptions, such as the d2-law [7–9] and
the 1/3-rule [9–11], have to be validated by detailed
simulations of the underlying physical and chemical
processes. Moreover, the modeling of spray combus-
tion, including ignition phenomena, is an emerging
research area [12]. The autoignition of fuel droplets
is governed by the complex interaction of droplet
heating, vaporization, and chemical kinetics. Because
of this complex interaction, a detailed description of
the chemical and physical processes is required. The
chemical kinetics of higher hydrocarbons in the gas
phase is characterized by a large number of chemi-
cal species and elementary reactions. Hence, due to
the high computational effort, regimes are investi-
Published by Elsevier Inc. All rights reserved.
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gated that can be reduced to one- or two-dimensional
geometries. The simplest model of the fuel spray ig-
nition process is the ignition of a single fuel droplet.
Assuming microgravity conditions, i.e., no gravita-
tion and no relative motion of droplet and gas phase,
the system can be regarded as one-dimensional.

Many experimental investigations focus on the
combustion of single fuel droplets under microgravity
conditions [13–21]. Detailed investigations including
numerical simulations, allowing detailed insight into
the combustion process, have been reported for the
fuels methanol [22–25], ethanol [26], and n-heptane
[27–30] in air. Only a few studies focus on the igni-
tion of fuel droplets of higher hydrocarbons [30–37].
Takei et al. [31], Nakanishi et al. [33], and Tanabe
et al. [34] have determined ignition delay times of
droplets experimentally. Tsukamoto et al. account for
chemical kinetics by a one-step irreversible overall
reaction [32]. Schnaubelt et al. investigate the igni-
tion process of n-heptane and n-decane [35,36] ex-
perimentally and numerically. Moriue et al. simu-
late the ignition of a fuel droplet in a closed vol-
ume [37]. However, the influence of the ambient gas
temperature and the ambient pressure on the igni-
tion process in the case of autoignition has not been
investigated extensively for the ignition of higher
hydrocarbons (based on detailed numerical simula-
tions). To our knowledge, the only ignition delay
times, which have been determined numerically, are
restricted to ambient gas temperatures below 1100 K
[30,33,35–37]. The dependence of the ignition delay
time on ambient pressure is studied numerically by
Tsukamoto et al. [32] for an ambient gas tempera-
ture of 850 K and experimentally by Nakanishi et al.
[33]. With regard to technical applications, the influ-
ence of these ambient parameters is of major interest.
With higher ambient temperatures and a wider pres-
sure range, all possible conditions for igniting and
burning droplets can be covered. So it is possible
to generate libraries, which can be used for flamelet
modeling of spray combustion [6]. Among others, the
ignition of droplets in a dilute spray provoked by a
hot environment (e.g., caused by other already burn-
ing droplets) can be described. Furthermore, with a
wider ambient temperature and pressure range the
various ignition–combustion scenarios and the mul-
tistate behavior of burning droplets can be described
more precisely [5,12].

In this study a detailed numerical simulation
model for the ignition and combustion of single fuel
droplets is presented. The performed simulations al-
low a detailed insight into the physical and chemical
processes of the autoignition. Spherical symmetry
is assumed, which allows one-dimensional descrip-
tion of the problem. Results of numerical simulations
of the ignition and combustion of single n-heptane
droplets in an isobaric environment are presented. The
influence of the ambient gas temperature and the am-
bient pressure on the ignition process is investigated
in the range from 600 to 2000 K and 1 to 40 bar. The
droplet radius varies from 10 to 200 µm, which is of
interest for the description of technical sprays. The
numerical simulations are performed using the fuel
n-heptane to ensure affinity to technical fuels, such as
gasoline.

2. Mathematical model

2.1. Governing equations

The presented model describes a single fuel drop-
let surrounded by an ambient gas phase with spherical
symmetry and constant pressure. This makes it possi-
ble to formulate the system of governing equations in
terms of the radial coordinate and time. The resulting
one-dimensional conservation equations can be found
in [38]. To overcome difficulties with the discretiza-
tion of the convective terms, the equation system in
the gas phase is transformed into modified Lagrangian
coordinates,

(1)f (r, t) → f (ψ, t),

(2)ψ(r, t) =
r∫

rD

ρ(r, t)r2 dr,

where r denotes the spatial coordinate, rD the radius
of the surface of the droplet, t the time, ρ the density,
and ψ the Lagrangian-like coordinate, and the trans-
formation is given by

(3)

(
∂r

∂t

)
ψ

= v − z

ρr2
,

(4)

(
∂

∂r

)
t

= ρr2
(

∂

∂ψ

)
t

,

(5)

(
∂

∂t

)
r

=
(

∂

∂t

)
ψ

− ρvr2
(

∂

∂ψ

)
t

+ z

(
∂

∂ψ

)
t

.

In this way, the continuity equation is implicitly ful-
filled. Instead of the continuity equation, the trans-
formation equation has to be solved. The term z/ρr2

in (3) makes it possible to fix the coordinate system to
the droplet surface (in contrast to standard Lagrangian
coordinates, where the Lagrangian coordinate is fixed
to a volume element). The value of z is obtained from
the condition

(6)0 =
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ψ=ψ0

= v(ψ0) − z

ρ(ψ0)r2
D

,

where ψ0 denotes the origin of the coordinate system,
which is located at rD. After the transformation the
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governing equations in the gas phase read
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where wi is the mass fraction, ji the diffusion flux, ω̇i

the molar rate of formation, and Mi the molar mass of
species i, p the pressure, T the temperature, Cp the
molar heat capacity at constant pressure, λ the heat
conductivity, and Cpi and hi the molar heat capacity
and the specific enthalpy of species i.

Uniform pressure is assumed, and therefore the
momentum conservation equation is replaced by
(∂p/∂ψ)t = 0 (low-Mach-number approximation;
see, e.g., [38]). Note that a transformation into modi-
fied Lagrangian coordinates is necessary to allow this
replacement of the momentum equation.

Analogous to the gas phase, the equation system
of the liquid phase is transformed into Lagrangian co-
ordinates (a modification due to an inflowing mass is
not necessary in this case):

(11)ψ0
D(t) =

rD(t)∫
0

ρr2 dr.

ψ0
D(t) is proportional to the mass of the droplet mD(t),

which depends on time:

(12)ψ0
D(t) = mD(t)

4π
.

Because of the mass loss of the droplet, ψ0
D(t) de-

creases with time. Therefore a further transforma-
tion is performed to fix the coordinate system to the
droplet surface:

(13)f (r, t) → f (ψ, t) → f (η, t),

(14)η = ψ
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.

The transformation of the differential operators is
then given by
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where φvap denotes the vaporization rate, Ri the sur-
face reaction rate of species i, and rD the droplet
radius. Thus, the governing equations in the liquid
phase read
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(21)ρ = ρ(w1, . . . ,wnS ,p,T ).

The equations describe the case of multicomponent
droplets consisting of more than one liquid species
(nS > 1). In the presented case of n-heptane droplets,
only one liquid species is present, and the species
conservation equation has not to be solved in the
droplet.

2.2. Boundary conditions

Boundary conditions have to be specified in the
center of the droplet, at the interface, and at the outer
boundary. In the center of the droplet, standard sym-
metry boundary conditions are applied. At the outer
boundary, far away from the droplet surface, Dirichlet
boundary conditions are assumed for the temperature
and the species concentrations.

At the interface, boundary conditions describe the
local phase transition. The temperature profile is con-
tinuous across the interface:

(22)Tg = Tl at r = rD.

A vaporization model accounts for the coupling of the
liquid phase and the gas phase during the simulation
process. A local phase equilibrium was modeled by
interface equations:
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The index g denotes the gas phase, the index l the
liquid phase. φvap denotes the vaporization rate, wi

the mass fraction of species i, Ri the surface reac-
tion rate of species i, jvap the index of the vaporizing
species, pj the partial pressure of species j , p the
pressure, Mj the molar mass of species j , M̄ the
mean molar mass, ρ the density, vn the normal ve-
locity, εi = ṁi/ṁ the fraction of vaporizing mass,
ji the diffusion flux density of species i (gas phase),
�hvap,i the enthalpy of vaporization of species i, and
jq the heat flux density.

The modeling of the phase transition, i.e., the in-
terface equations, and the boundary conditions are in
accordance with the work of Cho et al. [22,23] and
Jackson and Avedisian [27] (note, however, that the
numerical method differs from their approach). The
modeling differs from the model of Stapf [24], where
the vaporization rate is calculated differently.

In the presented case of a liquid n-heptane droplet,
surface reactions are not taken into account (Ri = 0).
Furthermore, ε = 1, because only single-component
fuels are simulated.

2.3. Reaction mechanism and transport model

The chemical kinetics is modeled by the detailed
n-heptane reaction mechanism of Golovitchev [39],
including 62 chemical species and 572 elementary re-
actions. The mechanism is valid for low-temperature
as well as high-temperature kinetics. The transport
processes are also modeled in detail. The Dufour ef-
fect and diffusion by pressure gradients are neglected,
because they are negligible compared to the mass dif-
fusion. Fourier’s law is used to determine the heat
fluxes. For the determination of the diffusion coeffi-
cients the approximation of Hirschfelder and Curtiss
[40] is used. The liquid-phase properties are calcu-
lated based on data correlations taken from Reid et al.
[41]. The approximation of Latini et al. is used to cal-
culate the heat conductivities, the approximation of
Rowlinson and Bondi to calculate the specific heat ca-
pacities. The necessary properties to model the phase
transition are also taken from Reid et al. [41]. The va-
por pressure is calculated using the Wagner equation;
the enthalpy of vaporization is calculated by the ap-
proximation of Riedel and Watson.

2.4. Numerical solution

The simulated domain enfolds 100 droplet diam-
eters. It is discretized by the method of lines using
finite differences. The governing equations in the gas
phase are spatially discretized by central differences
on a nonequidistant grid. Because of the different
length scales of nonstationary combustion processes,
a regridding procedure based on a grid function is im-
plemented [38,42]. This regridding procedure guar-
antees a sufficiently high number of grid points in re-
gions where steep gradients appear, e.g., at the flame
zone or close to the droplet surface. The interpolation
of the governing variables onto the new grid points
is based on piecewise monotonic cubic Hermite in-
terpolation [43]. In the liquid phase the equation sys-
tem is also discretized on a nonequidistant grid. The
mesh is refined toward the center of the droplet due
to the symmetry boundary conditions and toward the
droplet surface, where the steepest gradients in the
liquid phase appear. The resulting large and stiff sys-
tem of ordinary differential and algebraic equations is
solved by the linearly implicit extrapolation method
LIMEX [44].

3. Results and discussion

The model presented above has been used to
simulate the autoignition and combustion of single
n-heptane droplets in air. Simulations are performed
for isobaric conditions with ambient pressure p =
7 bar, which is comparable to the conditions in gas
turbines. The droplet radius varies from 10 to 200 µm,
which is a significant range for technical sprays.

3.1. Vaporization rates

The temporal evolution of the droplet diameter
is plotted in Fig. 1 for ambient gas temperatures of
TG = 1200 and 1600 K and an ambient pressure of
p = 1 bar. This pressure is chosen to allow compar-
ison of the vaporization rate with values taken from
literature. To characterize the vaporization process af-
ter the ignition of the droplet, the temporal evolution
of the droplet diameter was analyzed. After ignition

Fig. 1. Temporal evolution of the normalized diameter of an
n-heptane droplet in air (p = 1 bar, rD = 200 µm).
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the droplet diameter follows the d2-law

(27)d2 = d2
0 − K · t

in all studied cases. Due to (27) both axes in Fig. 1 are
scaled by the square of the initial droplet diameter to
simplify the determination of the vaporization rate K .
However, as one can see in Fig. 1, the droplet diameter
does not follow the d2-law right from the beginning
of the simulation. There exists an initial phase be-
fore ignition due to droplet heating, where the droplet
diameter remains almost constant or even increases
[45]. Moreover, the vaporization rate of a fuel droplet
changes after ignition. So the evolution of the droplet
diameter during the whole ignition process cannot be
described by a single d2-law. Therefore, only the va-
porization rates after the ignition of the droplet are
analyzed. The vaporization rates K during the com-
bustion are determined to be 0.80 and 0.90 mm2/s.
These vaporization rates comply with the experimen-
tal results of 0.85 mm2/s of Vieille et al. [17], and
of 0.758 mm2/s of Jackson and Avedisian [15], of
0.75 mm2/s of Hara and Kumagai [14], and the nu-
merical result of 0.8 mm2/s of Cho and Dryer [29].
The ambient conditions of the studies differ consid-
erably. For example, the ambient gas temperature is
much higher in our case because the autoignition of
fuel droplets in a hot gas phase is investigated. In the
studies [14,15,17,29], the droplet is ignited by an ig-
nition source. Therefore, a closer comparison of the
vaporization rates is not possible. Additionally, sim-
ulations of n-heptane droplets vaporizing in an inert
nitrogen atmosphere were performed and compared
with the results of Nomura et al. [45]. In the case
of a droplet placed in a nitrogen atmosphere with a
temperature of 468 K and a pressure of 5 bar, we
obtain a vaporization rate of 0.12 mm2/s, compared
to 0.11 mm2/s measured by Nomura et al. [45], for
a droplet with an initial diameter of 0.7 mm and at
room temperature at the beginning of the simulation.
Further simulations with different ambient conditions
were performed, which show good agreement with
the experimental results.

3.2. Flame structures and ignition locations

The detailed model makes it possible to ana-
lyze structures of the nonpremixed flame around the
droplet and the detailed structures and processes dur-
ing the ignition. In Fig. 2, one can see typical spatial
profiles of significant species and the temperature at
an early state of the ignition process. The characteris-
tic peaks of the OH-concentration and the decrease of
the n-heptane concentration and the oxygen concen-
tration in the reaction zone are evident. The peaks
of the OH and temperature profiles coincide and
clearly identify the location of ignition and the flame
Fig. 2. Profiles of temperature and species mole fractions at
an early state of ignition (p = 7 bar, Tg = 1250 K, rD =
200 µm, t = 0.67 ms).

Table 1
Local mixtures composition at the ignition point

Ambient gas
temperature T (K)

xNC7H16 λ

800 0.0064 3.0
900 0.0084 2.3

1200 0.0085 2.3
1400 0.008 2.4
1600 0.008 2.4

front. Between droplet and reaction zone, gaseous
n-heptane can be found, due to the vaporization of
the liquid fuel and the subsequent diffusion in the gas
phase. The dent of the oxygen profile indicates the
oxygen consumption during the ignition process.

It is interesting to determine the composition of
the mixture at the location of ignition. Table 1 shows
the local mole fractions of n-heptane, xNC7H16 , and
the resulting local air–fuel ratio.

As one can see, ignition occurs under lean con-
ditions for all studied ambient gas temperatures, in
contrast to homogeneous gas phase mixtures, which
ignite faster under rich conditions. The reason is that
in the case of droplet ignition both temperature and
mixture composition show spatial variations. For hot
environments both temperature prior to ignition and
air–fuel ratio increase with increasing distance from
the droplet. Because the temperature has a larger in-
fluence than the mixture composition on the ignition
delay time, ignition will occur at a location where the
temperature is high, even if the mixture is lean.

Additionally, the location of ignition (see above
for its definition) is determined. For the description
of technical sprays the impact of other droplets on the
combustion process is of great interest. To evaluate
this impact, it is relevant to determine the location of
ignition. It is well known that the chemical reactions
take place in the gas phase. The fuel is evaporated and
afterward it is burnt. But the gaseous fuel does not
ignite next to the surface of the droplet. In fact, the
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Fig. 3. Dependence of location of ignition on droplet radius
(p = 7 bar).

investigation of the localization of the reaction zone
during the ignition process showed that the location
of ignition (similar to the location of the subsequent
flame zone [19,30]) is a multiple of the droplet ra-
dius. In Fig. 3, one can see the proportionality of the
location of ignition and the droplet radius for three
different gas phase temperatures.

The ratio of the ignition radius to the droplet ra-
dius turns out to be almost constant, with a value
of about 7. In the studied case, the influence of the
gas temperature on the location of ignition was mi-
nor. Even for lower temperatures (900 K), the ratio of
the two radii has approximately this value. Below this
temperature the ratio is decreased, because two-stage
ignition takes place. The first ignition stage occurs at
a smaller radius, and as a result, the second ignition is
located nearer to the droplet surface. Physical prop-
erties, like ambient pressure or considerably larger
droplet radii, may show a significant influence on this
ratio as well.

3.3. Ignition delay times

In many practical applications a knowledge of ig-
nition delay times is very important. Examples are
ignition delay times in Diesel engines or the unde-
sired autoignition of the fuel in the premixing section
of LPP gas turbines.

It is hard to control and to measure initial condi-
tions in single-droplet experiments [34]. Especially,
the initial droplet temperature and the amount of fuel
in the gas phase at the start of the measurement can
hardly be controlled. Therefore, simulations are per-
formed for two different initial conditions to yield
information on the sensitivity with respect to the ini-
tial conditions. On one hand, we assume no initial
gaseous n-heptane (called INI1 in the following); on
the other hand, simulations start with a small amount
of prevaporized n-heptane (INI2).

In this work the ignition delay time is defined
as the difference in time between the exposure of
the droplets to the hot environment and the ignition,
Fig. 4. Temporal evolution of maxima of spatial profiles of
temperature and OH mole fraction.

characterized by the temporal evolution of the OH
concentration. The ignition point is identified as the
point in time with the steepest ascent of the maximum
OH concentration. For this reason the maximum of
the spatial OH concentration is determined for every
time step. In this way the location of the flame front
can be determined for every time step. The tempo-
ral evolution of the maximum OH concentration is
analyzed and the inflection point is used as indica-
tor of the steepest ascent. Fig. 4 shows the temporal
evolution of the spatial maximum of the OH concen-
tration and of the gas temperature for a simulation
of an n-heptane droplet. The point of the time of the
steepest ascent of the temperature and the OH-profile
nearly coincide. This determination of the ignition
point and the location of the flame front agrees with
the work of Marchese et al. [16]. Furthermore, this de-
termination of the ignition delay time is comparable
to ignition delay times determined by the temperature
profile, because the inflection points of the temporal
profiles almost coincide. If two-stage ignition occurs
at low temperatures, the first induction time is deter-
mined by the inflexion point of the CH2O-profile. In
this case the inflexion points of the CH2O-profile and
the temperature profile coincide.

First, the influence of the droplet temperature on
the ignition delay time shall be investigated. This is
of interest, because many simplified models assume
constant temperature in the droplet. We calculate ig-
nition delay times with a fixed droplet temperature
and with a space- and time-dependent droplet temper-
ature, corresponding to a spatial temperature profile
in the droplet obtained from the detailed model. In
Fig. 5 the ignition delay times of simulations with
fixed and variable droplet temperatures are compared
for different gas-phase temperatures. At an ambient
pressure of 7 bar the boiling temperature of n-heptane
is 454 K. Thus a fixed droplet temperature, close to
the boiling temperature, 450 K, and a lower tem-
perature of 379 K are chosen. For calculations with
variable droplet temperature the initial droplet tem-
perature was set to 379 K.
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Fig. 5. Arrhenius plot of the ignition delay time for com-
parison of the influence of a variable and a fixed droplet
temperature (p = 7 bar, rD = 100 µm).

Fig. 6. Dependence of the normalized ignition delay time on
the droplet radius (p = 7 bar).

As the plot shows, the ignition delay times of the
three cases hardly differ. Thus the ignition delay time
is almost independent of the droplet temperature if the
initial droplet temperature if sufficiently high. How-
ever, for lower initial droplet temperatures (down to
300 K), the ignition delay time increases by a factor
of about 2.

To reduce the computing time and to increase the
numerical stability, further simulations are performed
with a fixed droplet temperature of 379 K.

For the description of technical sprays with its
droplet size distribution it is of interest to study the
effect of varying droplet radii on the ignition delay
time. Fig. 6 shows the ignition delay time t∗ normal-
ized on the droplet radius. The droplet radius is varied
from 10 to 75 µm. The normalization is performed by
dividing the ignition delay time by the ignition de-
lay time of a droplet radius of 50 µm at the same gas
phase temperature:

(28)t∗ = tign(rD)

tign(rD = 50 µm)
.

As Fig. 6 shows, an increase of the droplet radius
causes an increase of the ignition delay time in the
studied cases. This increase depends strongly on the
chosen initial conditions. If n-heptane in the gas phase
Fig. 7. Arrhenius plot of the dependence of the ignition delay
time on ambient gas temperature (p = 7 bar, single droplets
rD = 200 µm, homogeneous gas phase λ = 1).

is assumed to be absent initially, the ignition delay
time increases by a factor of about 5 for droplet ra-
dius varying from 10 to 75 µm at an ambient tem-
perature of 1400 K. The increase of the ignition de-
lay time with increasing droplet radius is also ob-
served by Tsukamoto et al. [32] and Moriue et al.
[37]. These studies show that this behavior depends
crucially on the ambient conditions, such as pressure
or overall equivalence ratio. At an ambient tempera-
ture of 1200 K, the increase of the ignition delay time
with increasing droplet radius decreases to a factor of
about 2.5. For an ambient temperature of 900 K, even
a slight increase of ignition delay time with decreas-
ing droplet radius is observed (not shown in Fig. 6).
This slight increase is in agreement with results from
the literature [31,33], where the ignition delay times
of n-heptane have been shown to decrease slightly
with increasing droplet diameter. Fig. 6 also shows
the considerable dependence on the initial conditions
at high temperatures. One can see a minor variation
of the ignition delay time if initial gaseous n-heptane
exists (INI2). In this case the droplet radius has a mi-
nor effect on the ignition delay times, compared to the
calculations with other initial conditions (INI1).

The ambient gas-phase temperature is the physi-
cal property with the largest influence on the ignition
delay time. Therefore, the dependence of the igni-
tion delay time on the gas-phase temperature is de-
termined for a temperature range from 600 to 2000 K
with an ambient pressure of 7 bar and a droplet ra-
dius of 200 µm. Simulations of igniting droplets were
performed with the two different initial conditions for
the amount of n-heptane in the gas phase. In Fig. 7,
the temperature dependence of ignition delay times
can be seen. In the temperature range between 650
and 850 K two-stage ignition behavior is observed.
Therefore, total ignition delay times and first induc-
tion times are included in Fig. 7. Additionally, the first
and total ignition delay times of a homogeneous stoi-
chiometric gaseous n-heptane/air mixture are shown.
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In the Arrhenius plot (Fig. 7) one can see the typi-
cal temperature dependence of the ignition delay time
of a homogeneous n-heptane/air mixture. The igni-
tion delay time depends strongly on the temperature
below 700 K and above 900 K. In the range between
700 and 900 K the significant decrease of the ignition
delay time with decreasing temperature (NTC behav-
ior) can be seen. In this range two-stage ignition is
observed. The first and total ignition delay times are
shown in the figure. This points out the validity of
the mechanism for high-temperature as well as for
low-temperature kinetics. Fig. 7 also shows the igni-
tion delay times of single droplets for two different
initial conditions. Above 1000 K the temperature de-
pendence of the ignition delay time in the case of
prevaporized n-heptane (INI2) is stronger than that in
the case of no initial gaseous n-heptane (INI1). The
single droplets with the initial condition INI2 have a
shorter ignition delay time because of prevaporized
n-heptane. In the case of no initial gaseous n-heptane
(INI1), the physical transport processes, such as va-
porization and diffusion, are rate-limiting and the con-
tribution of the chemical kinetics to the ignition delay
time plays a minor role. Below 1000 K the ignition
delay times of INI1 and INI2 appear to be almost
the same. The ignition delay time increases with de-
creasing temperature. A decrease of the ignition de-
lay times of the droplets with decreasing tempera-
ture, which would correspond to the NTC behavior of
the homogeneous gas phase, cannot be observed. The
first induction time of the droplets shows nearly no
temperature dependence (ZTC behavior) in the range
of 650 to 760 K. In this temperature range the slope
of the temperature dependence of the ignition delay
time of the single droplets differs strongly from that in
the homogeneous gas phase. For droplets the slope re-
mains almost the same as in the high-temperature re-
gion (above 1000 K), whereas the behavior of the ho-
mogeneous gas phase changes dramatically at about
900 K. This points out the strong interaction between
physical and chemical processes. In addition, the to-
tal ignition delay times of Schnaubelt et al. [35] are
shown in Fig. 7. They show the same qualitative be-
havior (note, however, that these results refer to dif-
ferent ambient conditions, rD = 350 µm, p = 5 bar).
Other experimental studies [31,33] show similar qual-
itative behavior, too.

In different technical applications (e.g., gas tur-
bines, internal combustion engines) autoignition of
droplets appears at different ambient pressures. There-
fore, we investigate the pressure dependence of the
ignition delay time. In Fig. 8 the pressure depen-
dences of the ignition delay time of an n-heptane
droplet with a radius of 50 µm and of the stoichio-
metric homogeneous n-heptane/air gas mixture at an
Fig. 8. Dependence of ignition delay time on ambient pres-
sure (Tg = 1200 K, single droplets rD = 50 µm, homoge-
neous gas phase λ = 1).

ambient gas temperature of 1200 K are shown in the
range from 1 to 40 bar.

A decrease of the ignition delay time with increas-
ing pressure is observed. The scaling of both axes
of this figure is logarithmic. Therefore the linear de-
crease of the ignition delay time indicates a rational
dependence following the power law

(29)tign(p) ∝
(

p

p0

)−0.4
.

The decrease of the ignition delay can be explained
mainly by the speedup of the chemical kinetics. On
the other hand, the vaporization rate is not much af-
fected by the increasing pressure. This fact is for ex-
ample shown by Nomura et al. [45]. Despite changing
the initial conditions from INI2 to INI1, almost the
same behavior is observed. The results are in good
agreement with Tsukamoto et al. [32] and Nakanishi
et al. [33], who determined a similar decrease of the
ignition delay time with increasing ambient pressure
at lower temperatures. A qualitatively similar depen-
dence of the ignition delay time can be observed in the
case of the homogeneous n-heptane/air gas mixture.
In this case the exponent of the power law is deter-
mined to approximately −0.6.

4. Conclusions

Autoignition of single n-heptane droplets in air is
simulated for a wide range of conditions. The sim-
ulations are performed with a detailed vaporization
model, detailed transport models, and a detailed re-
action mechanism.

The temporal evolution of the droplet diameter
follows a d2-law after ignition in all studied cases.
The presented vaporization rates are in good agree-
ment with the experimental and numerical results
taken from the literature. Nevertheless, a description
of the temporal evolution during the whole ignition
process by one single d2-law is not possible. Detailed
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investigations showed the ignition to occur in zones
of lean mixture, but of high temperature. The ratio of
the radius of ignition to the droplet radius has been
about 7 for ambient temperatures greater than 900 K.
Below this temperature the ratio decreases. The influ-
ence of different physical parameters on the ignition
delay time was investigated. At least for the condi-
tions considered here, the dependence of the ignition
delay time on the droplet temperature is insignificant.
The influence of the droplet radius on the ignition de-
lay time cannot be described by one single behavior
or law. Initial conditions, as well as ambient gas tem-
perature, have an influence on the radius dependence,
not only quantitatively but qualitatively. The depen-
dence of the ignition delay time on the droplet radius
increases with increasing ambient temperature. The
ambient gas temperature turns out to have the largest
influence on the ignition delay time. Primarily in the
high-temperature region, the temperature dependence
is sensitive to the initial conditions. Compared to a
homogeneous gas mixture, the behavior of a single
fuel droplet is different and the slope of the Arrhenius
plot is diminished. Especially, NTC behavior cannot
be observed. With increasing ambient pressure the ig-
nition delay time decreases. This decrease follows a
rational law with an exponent of −0.4. This behav-
ior is similar to previous results obtained at different
ambient conditions.

The results obtained in this study can be used to
produce droplet ignition and combustion libraries for
subsequent use in flamelet spray modeling. Future
work will deal with the investigation of the autoigni-
tion of isooctane droplets. Further studies will be on
the ignition process of multicomponent droplets, such
as n-heptane/isooctane droplets, for a better modeling
of technical fuels.
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