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Abstract—A parametric analysis of numerical solutions to problems of vaporization and self-ignition of liquid
hydrocarbon drops was performed, and a new criterion determining the conditions of drop self-ignition was
suggested. According to this criterion, self-ignition at a given reduced distance from the drop begins when the
required reduced gas temperature and equivalence ratio are reached. A new model of heating and vaporization of drops in dense gas suspensions was suggested. The model was verified in multidimensional calculations of self-ignition and combustion of drop clouds. Calculations showed that the model correctly described
the phenomenology of local formation and anisotropic propagation of self-ignition waves in suspensions of
drops in gases.
DOI: 10.1134/S1990793109030014

INTRODUCTION
Self-ignition of drops in various energy converters
working on liquid fuel and in heterogeneous detonation
waves has as a rule been simulated with the use of various heuristic criteria, which do not take into account
the complex thermal, dynamic, and chemical interaction of phases in dense sprays and gas suspensions.
These factors can, however, substantially influence the
time and place of self-ignition and the volume of a mixture enveloped in a self-ignition flash. Because selfignition is one of key processes determining the construction, size, and regime parameters of modern diesel
engines, burners, and combustion chambers of aircraft,
correct physicomathematical models of this phenomenon applicable in multidimensional gas dynamic calculations are necessary.
The classic model of the self-ignition of a drop of a
fuel is based on the Semenov–Frank–Kamenetskii stationary approximation [1, 2]. One of the earliest models
with an infinitely fast chemical reaction was suggested
by Varshavskii [3]. In [4, 5], this model was extended to
finite chemical reaction rates. Subsequently, the problem was analyzed in [6–9]. As in the stationary theory
of thermal explosion, the conditions of drop self-ignition are identified with the conditions under which a
stationary solution to the problem of drop vaporization
accompanied by gas-phase chemical reactions between
oxidizer and vapor-phase fuel disappears. The physical
meaning of the absence of a stationary solution reduces
to the conclusion that heat conductivity processes in the

gas phase cannot balance heat release caused by chemical transformations.
The nonstationary theory of drop self-ignition was
developed by Merzhanov et al. [10, 11]. The use of the
nonstationary theory, in particular, showed that selfignition began with the formation of a weak maximum
in the spatial temperature distribution at a fairly large
distance from the surface of the drop. This distribution
then rapidly transformed into a profile characteristic of
a flame surrounding the drop.
Simple models of the combustion of drops (e.g., see
[2, 3, 12–14]) allow us to estimate the lifetime of a
drop, flame temperature, the distance between the surface of the drop and flame front, and some other parameters. However, as applied to the problem of drop selfignition, simple models are ineffective. To solve this
problem, we need data on the dynamics of physicochemical processes inside the drop and in its vicinity.
Problem statement must therefore be based on nonstationary equations in partial derivatives describing the
distributions of thermodynamic parameters, species
concentrations, and velocity both inside the drop and in
its vicinity.
Let us consider the most important results obtained
by solving this problem in [15–20]. In these works,
qualitative and quantitative characteristics of self-ignition of paraffin hydrocarbon fuel drops were studied. It
was found that, generally, the self-ignition of drops
developed in two stages, as in a homogeneous system.
First, a cool flame appeared, and then a hot explosion
occurred. In some instances, a blue flame could also be
observed.
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Fig. 1. Definition of an elementary grid cell in a uniform
monodisperse gas suspension of drops [19, 20]. Solid circles are drops. Circles around drops characterize the depth
of the penetration of diffusion fluxes. The dashed line
bounds the elementary cell through the surface of which
there are no energy and mass fluxes; Rc is the characteristic
size of the cell.

According to [19, 20], small drops have time to
vaporize before self-ignition, and cold-flame oxidation
occurs in a comparatively large gas volume with almost
uniform temperature and concentration fields. For this
reason, the cool flame stage is easy to identify using
kinetic curves for averaged gas parameters. The conditions of the occurrence of cold-flame oxidation are then
close to homogeneous mixture conditions, under which
cool flames have been observed experimentally.
Large drops have no time to vaporize before the selfignition of vapor. In complete correspondence to the
classic theory, self-ignition then occurs locally at some
distance from the surface of drops, in the region of substantial nonuniformities of temperature and concentration fields. During self-ignition, first the local accumulation of alkylhydroperoxide occurs. This is followed
by alkylhydroperoxide decomposition resulting in the
appearance of a cool flame, that is, a local increase in
the concentration of hydroxyl. With some delay, the
cool flame stage is followed by hot explosion, also
local. Because of the local character of self-ignition, the
cool flame stage is difficult to identify using kinetic
curves for averaged gas parameters.
The results of numerical calculations taking into
account a detailed or simplified kinetics of chemical
transformations as a rule closely agree with the experimentally measured delay times of drop self-ignition. As
concerns experimental works on the vaporization and
self-ignition of hydrocarbon fuel drops, their number is
exceedingly large. Very many publications concerned
with this problem can be found in Proceedings of the
Annual Congress of the Society of Automotive Engi-

neers (SAE). We shall note only several works of European and Japanese scientists [21–24] performed under
the conditions simulating “microgravity” conditions, as
well as the study [25], in which delay times of self-ignition of motor fuels with different cetane numbers were
measured, and the recent work [26], in which delay
times of self-ignition of n-decane and n-tetradecane
were determined under the conditions of a real diesel
engine. The results of these experimental works are
used below to compare calculations with experimental
data.
In practice, for instance, in liquid fuel sprays and
drops suspended in gases, the frequently used approximation of a separate drop can be invalid. In comparatively dense suspensions of drops in gases, heating,
vaporization, and self-ignition of a separate drop occur
under the influence of other drops. Gas parameters
around each separate drop cannot then be considered
constant, and gas temperature and composition depend
on the distance between particles and the properties of
the liquid and gas and change with time. Under these
conditions, the problem of drop heating and vaporization and drop self-ignition becomes much more complex. These effects are called collective.
The simulation of vaporization and combustion of
drops with the inclusion of collective effects is performed using several approaches: two or several drops
[27, 28], a regular sequence of drops [29, 30], a group
of chaotically arranged drops [31, 32], or a suspension
of drops in a gas [33] are considered. The advantages
and disadvantages of these approaches were analyzed
in detail in [34–39]. The most thorough description of
thermodynamic parameter and velocity fields in the
space between drops was obtained by considering two
interacting drops or a regular (for instance, linear)
sequence of drops [40]. “Group” theories and models
of a gas suspension as a rule ignore the nonstationary
character of heat- and mass-exchange processes in a
drop and in its vicinity and the dependence of these processes on the distance between drops.
The purpose of this work was to create and test a
physicochemical model of the self-ignition of drops of
liquid hydrocarbons with the inclusion of nonstationary
and collective interphase interaction effects. The model
was supposed to be used in multidimensional numerical calculations of multiphase reacting flows.
PROBLEM STATEMENT FOR A DROP
IN A GAS SUSPENSION
Let us consider a uniform monodisperse suspension
of one-species liquid drops in a gas [41, 42]. In such a
suspension, all drops have equal sizes and are at equal
distances from each other. Equally sized drops uniformly distributed on a plane are schematically shown
by solid circles in Fig. 1. Circles around drops characterize the depth of the penetration of diffusion fluxes,
that is, conventional boundaries within which the con-
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centration of vapor over the liquid and temperature differ from the parameters of the unperturbed gas. The
parameters of the unperturbed gas remain stationary as
long as circles do not join. When diffusion fluxes from
different drops meet, all gas parameters in the space
between drops begin to change with time, that is, collective effects come into play.
Because of problem symmetry, we can identify a
unit cell (shown by the dashed line in Fig. 1) through
the surface of which there are no mass and energy
fluxes. The characteristic size of the cell Rc equals half
the distance between drops. On a plane, the cell has the
form of a regular hexagon, and, in space, it is a regular
polyhedron with 20 faces having the form of equilateral
triangles with side lengths equal to Rc [41, 42].
It follows that the inclusion of collective effects generally requires solving a nonstationary three-dimensional problem with “external” boundary conditions of
zero mass and energy fluxes through the faces of such a
unit cell. The volume Vc and surface area Sc of the cell
are
5 2 3
V c = ---------- R c ,
3

2

S c = 5 3R c .

This problem was solved in [41, 42] to show that the
flow field in the calculated region was very close to a
one-dimensional spherically symmetrical flow field.
For this reason, it was suggested in [41, 42] that, instead
of the three-dimensional problem, we could solve the
spherically symmetrical problem with boundary conditions of zero mass and energy fluxes through the surface of a sphere that modeled the polyhedral unit cell.
In [41, 42], the polyhedral cell was replaced by a
spherical unit cell with radius Re, volume Ve =
(4/3)πR3, and surface area Se = 4πR2. It follows from
the condition of the equality of the sphere and polyhedron volumes (Ve = Vc) that the radius of the sphere is
5 2
R e = ⎛ ----------⎞
⎝ 4π ⎠

1/3

R c ≈ 0.826R c .

The surface areas of the polyhedron and sphere then
differ by 1%; that is, Se/Sc ≈ 0.99.
A one-dimensional spherically symmetrical problem was formulated in [41–44]. The model was based
on nonstationary differential equations of the conservation of mass and energy in the liquid and gaseous
phases at variable physical properties. In setting the
problem, the concept of multicomponent diffusion in a
mixture containing fuel vapor, oxygen, nitrogen, and
combustion products was used, and the influence of liquid surface tension forces was taken into account. The
model was constructed for a constant pressure in the
gas–drop system; that is, p = p0 = const.
At the initial time t = 0, the radius of the unit cell Rc
was found from the mass content of the liquid in unit
volume of the gas suspension, Λ  ρ, and the initial
drop radius R0,
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4π 1/3
1/3
1/3
R c ≈ ⎛ ----------⎞ R 0 ( ρ/Λ ) ≈ 1.211R 0 ( ρ/Λ )
⎝ 5 2⎠

(1)

or from the equivalence ratio Φ = Λ/φstρg,
4π 1/3
1/3
R c ≈ ⎛ ----------⎞ R 0 ( ρ/ρ g Φφ st )
⎝ 5 2⎠

(2)

≈ 1.211R 0 ( ρ/ρ g Φφ st ) ,
1/3

where φst is the stoichiometric ratio between the fuel
and air. The radius of a spherical unit cell is given by
R e ≈ R 0 ( ρ/Λ ) ,
1/3

R e ≈ R 0 ( ρ/ρ g Φφ st )

(3)
1/3

(4)

instead of (1) and (2). Under normal conditions, stoichiometric air–hydrocarbon fuel mixtures are characterized by ρg = 1.19 kg/m3, ρ = 700–800 kg/m3, φst ≈
0.06, and Φ = 1. It follows that, in such mixtures, Λ =
Λst ≈ 0.07–0.08 kg/m3, Rc/R0 ≈ 25–27, and Re, st/R0 ≈
21–22, where Re, st is the radius of the spherical unit cell
in the stoichiometric fuel–air mixture. At elevated
pressures, for instance, at the end of the compression
cycle in a diesel engine (ρg ≈ 30 kg/m3), Rc/R0 ≈ 9 and
Re/R0 ≈ 8.
Since the problem presupposes that pressure is constant, p = const, the parameter Re (and Rc) depends on
time; that is, Re = Re(t). The current Re(t) value is determined in the course of problem solution, and the
boundary of the unit cell is allowed to move at a mean
gas velocity at point r = Re. Conditions at the boundary
of the unit cell therefore have the form
∂T
∂G j y j
- = 0
r = R e ( t ): ---------g = 0, ------------∂r
∂r
j = 1, 2, …, M,

(5)

that is, energy and mass fluxes stop at a finite distance
∞. In (5), Gj is
from the drop r = Re rather than at r
the molecular mass of the jth mixture species.
The initial conditions (t = 0) have the form
R ( 0 ) = R0 ,
r < R0 ,
r > R0 ,
r > R0 ,

T ( r, 0 ) = T ;
0

T m ( r, 0 ) = T m ;
0

y j ( r, 0 ) = y j ,
0

j = 1, 2, …, M.

The problem was solved numerically using the
finite-difference method and the method of successive
approximations described in detail in [41–44].
THE SELF-IGNITION OF DROPS
IN A GAS SUSPENSION
If a drop of a fuel is placed into a heated oxidizing
gas (as when a fuel spray is introduced into the combus-

Vol. 3

No. 3

2009

336

FROLOV et al.

Table 1. Mechanism of self-ignition
Reaction
number

Reaction

1
2
3
4, –4

CnHm + (0.5n + 0.25m)O2
nCO + 0.5mH2O
H2 + H2 + O2
2H2O
CO2 + CO2
CO + CO + O2
CO + H2O
CO2 + H2

Table 2. Kinetic parameters of low-temperature self-ignition of n-alkanes
Reaction
number

Aij,
l, mol, s

mij

Eij,
kcal/mol

1
1
2
3
4
–4

3.5 × 1013
1.75 × 1014
7.0 × 1013
8.5 × 1012
1.0 × 1012
3.1 × 1013

0
0
–0.5
–1.5
–1.0
–1.0

36.7
36.7
21.0
21.0
41.5
49.1

Note
n-decane
n-tetradecane

w ij = K ij P

T, K
2500
t = 2.5 ms

2000

1500

2.25
2.0

500
0

r*

0.05

0.10

0.15

mij

exp ( – E ij /RT )

∏n ,
j

j

tion chamber of a diesel engine), it can experience selfignition in some time called self-ignition delay, tign.
According to the Semenov–Frank–Kamenetskii theory
[1, 2], self-ignition occurs where the rate of energy
release caused by chemical transformations exceeds
the rate of heat removal. Self-ignition delay tign is usually defined as the time during which the maximum
rate of temperature increase reaches some preset

1000

' = 106 or 107 K/s. As a rule,
value, for instance, T max
such definitions lead to fairly close tign values.
Detailed kinetic mechanisms are extensively used to
study self-ignition and combustion of gaseous hydrocarbons. As concerns drops and sprays of liquid hydrocarbons, detailed kinetic mechanisms are used very
rarely to study their self-ignition and combustion [18,
19] because the kinetic mechanisms of the oxidation of
the higher hydrocarbons have scarcely been studied and
because complex physical processes occur when drops
experience self-ignition and combustion. This is the
reason why we model self-ignition and combustion of
paraffin hydrocarbon drops using an empirical reaction
mechanism only including five reactions with the participation of six species (fuel, O2, CO, CO2, H2, and
H2O). This mechanism is presented in Table 1.
The rate of the chemical reactions included in Table 1
was calculated by the equation

0.20

0.25
r, mm

Fig. 2. Calculated spatial distributions of temperature in
the self-ignition of an n-decane drop in air. Initial parameters: D0 = 40 µm, T0 = 300 K, Tg0 = 900 K, p = 2 MPa,
and Φ = 1.0.

where Kij is the preexponential factor and Eij is the activation energy. Note that reaction no. 1 is treated as a
bimolecular reaction between the fuel and oxygen. The
kinetic parameters of reactions nos. 1, 2, 3, 4, and –4
(back reaction) for n-decane and n-tetradecane are
listed in Table 2.
In [45–47], the self-ignition mechanism similar to
that presented in Tables 1 and 2 was verified for the
problem of the self-ignition of separate n-heptane drops
by comparing the calculated and experimental selfignition delay times. It was found that this mechanism
in combination with the model described above fairly
well predicted self-ignition delay times for n-heptane
drops under “microgravity” conditions.
The calculated self-ignition parameters for an ndecane drop with the initial diameter 40 µm in a stoichiometric (Φ = 1) suspension of drops in air at the initial
liquid temperature T0 = 300 K, air temperature Tg∞ =
900 K, and pressure p = 2 MPa are shown in Figs. 2 and
3. The self-ignition of fuel vapor occurs at some distance r∗ from the surface of a drop (Fig. 2).
After self-ignition, the temperature in the vicinity of
the r = r∗ point rapidly increases with time, and a spherical layer with a finite thickness and a high temperature
(up to 2500 K) forms around the drop. In the vicinity of
the maximum temperature point (within a flame), the
concentrations of fuel vapor and oxygen tend to zero
(Fig. 3, time moment t = 2.5 ms). After the appearance
of a flame around the drop, the mass fraction of vapor
on the surface of the particle increases from approximately yvi = 0.55 to yvi = 0.78.
The calculated self-ignition delay times for n-tetradecane drops with the initial diameter 20 µm are
compared in Fig. 4 with the self-ignition delay times of
motor fuels with different cetane numbers measured in
[25] (solid lines) under the conditions close to those in
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Fig. 4. Comparison of the temperature dependences of the
calculated and experimental [25] self-ignition delay times
for various fuels at pressure 2.5 MPa. The dashed line corresponds to n-tetradecane drops with the initial diameter
D0 = 20 µm. Solid curves correspond to motor fuels with
different cetane numbers (CN) and different sprayers (1 and
2). CN/sprayer: (1) 49/1, (2) 50/1, (3) 49/2, (4) 50/2,
(5) 70/2, and (6) 62/2.

0.25
r, mm

Fig. 3. Calculated spatial distributions of the mass fractions
of oxygen and fuel vapor in the self-ignition of an n-decane
drop in air. Initial parameters: D0 = 40 µm, T0 = 300 K,
Tg0 = 900 K, p = 2 MPa, and Φ = 1.0.

a diesel engine (pressure p = 2.5 M Pa and air temperature Tg∞ = 570–800 K). We see that the model that we
use fairly closely agrees with the experimental data
[25].
The calculated self-ignition delay times of n-decane
and n-tetradecane drops with various initial diameters
are compared in Fig. 5 with self-ignition delay times
measured in a real diesel engine [26] (the horizontal
line). Calculations were performed for typical conditions in a diesel engine (Tg0 = 800 K, p = 4 MPa, and
Φ = 1.0). It follows from Fig. 5 that the calculated selfignition delay times are fairly close to their experimental values, especially if it is taken into account that there
is drop-size distribution in real sprays, and the real diesel engine fuel is a mixture of hydrocarbons with a
mean number of carbon atoms of 13–14. Moreover,
self-ignition occurs in a diesel engine at variable pressure and temperature.

The calculated spatial distributions of temperature
(Fig. 6a) and mass fractions of fuel (Fig. 6b), oxygen
(Fig. 6c), CO2 (Fig. 6d), and CO (Fig. 6e) at various
time moments correspond to the self-ignition and subsequent combustion of a drop of n-decane with the initial diameter 100 µm in a uniform suspension of drops

THE COMBUSTION OF DROPS SUSPENDED
IN A GAS

3

Vol. 3

n-C10H22

2
texp
ign
1

4

After the appearance of a high-temperature flame
around a drop, the stage of drop combustion begins.
Like vaporization, the combustion of a drop depends
on the density of the gas suspension and differs from
the combustion of a separate drop in an unconfined
atmosphere. This is illustrated by Figs. 6 and 7,
which correspond to uniform suspensions of drops in
a gas enriched in (Fig. 6) and depleted of (Fig. 7)
fuel.
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Fig. 5. Comparison of calculated self-ignition delay times
with delay times measured in a real diesel engine. Calculations were performed for stoichiometric (Φ = 1.0) gas suspensions of n-decane (the upper curve) and n-tetradecane
(the lower curve) drops with different initial diameters at air
temperature and pressure 800 K and 4 MPa, respectively.
exp

The horizontal line t ign = const corresponds to the experimental diesel engine fuel self-ignition delay time in an
engine [26].
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Fig. 6. Calculated spatial distributions of (a) temperature and mass fractions of (b) fuel vapor, (c) oxygen, (d) CO2, and (e) CO in
the self-ignition of an n-decane drop with the initial diameter 100 µm in a uniform gas suspension of drops with Φ = 2 at pressure
2 MPa and air temperature 800 K.

in a gas enriched in fuel (Φ = 2) at pressure 2 MPa and
air temperature 800 K. It was assumed that, at t = 0,
drops were instantaneously placed into hot air. Flame
appearing after drop self-ignition (approximately at t =
27 ms) then propagates in the direction away from
the drop surface at a mean visible velocity of 8–
10 cm/s and consumes all the oxygen present in the
elementary sphere in time t ≈ 33 ms. After this, the

flame is extinguished, and the drop continues to
vaporize. At the moment of combustion cessation,
the elementary sphere is filled with unreacted fuel
vapor, CO2, H2O, H2, and CO. The understanding of
how drops burn in a dense suspension in a gas is very
important for the development of simple models of
combustion for use in multidimensional gas dynamic
calculations.
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Fig. 7. Calculated spatial distributions of (a) temperature and mass fractions of (b) fuel vapor, (c) oxygen, (d) CO2, and (e) CO in
the self-ignition of an n-decane drop with the initial diameter 40 µm in a uniform gas suspension of drops with Φ = 0.1 at pressure
2 MPa and air temperature 800 K.

In Fig. 7, the calculated spatial distributions of temperature (Fig. 7a) and mass fractions of the fuel (Fig. 7b),
oxygen (Fig. 7c), CO2 (Fig. 7d), and CO (Fig. 7e) are
shown. The distributions relate to the self-ignition and
subsequent combustion of a drop of n-decane with the
initial diameter 40 µm in a uniform suspension of drops
in a gas depleted of the fuel (Φ = 0.1) at pressure 2 MPa
and air temperature 800 K. Flame that appears after
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

drop self-ignition (approximately at t = 6.75 ms) then
propagates in the direction of the drop surface (“collapses”) at a visible velocity of about 6 cm/s and consumes almost all the fuel vaporized in the elementary
sphere up to t ≈ 7.6 ms. The combustion of a drop in
a gas suspension strongly depleted of fuel resembles
the combustion of a separate drop in unconfined
atmosphere.
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assumed that the characteristics obtained for these
hydrocarbons could be used to model the ignition of
diesel engine fuels.
In calculations of the self-ignition of drops, we
intentionally concentrated on the spatial temperature
distribution in the vicinity of the particle (1) immediately before self-ignition, (2) at the instant of self-ignition, and (3) immediately after the completion of local
self-ignition with the formation of a flame, as is shown
in Fig. 2. In Fig. 2, the first time moment is t = 2.0 ms,
the second one is t = 2.25 ms, and the third time
moment is t = 2.5 ms.
This approach was used to determine self-ignition
delay times tign (approximately 2.25 ms in Fig. 2) and
the place of self-ignition determined by the distance r∗
from the center of the drop (r∗ ≈ 0.085 mm in Fig. 2).
To generalize the data obtained, we introduced the concept of the reduced self-ignition radius δ∗ = 2r∗/D0
(δ∗ ≈ 4.25 in Fig. 2). The most important result of our
calculations was the conclusion that the reduced selfignition radius weakly depended on the determining
parameters of the problem, namely, surrounding air
temperature, pressure, equivalence ratio in the gas suspension of drops, the initial diameter of drops, and the
type of the fuel. We found that

10
r/R0

Fig. 8. Determination of (a) reduced temperature and
(b) local equivalence ratio in a vapor-gas mixture at the
reduced self-ignition radius.

CORRELATION BETWEEN THE VAPORIZATION
AND SELF-IGNITION OF DROPS
IN GAS SUSPENSION
The complete model of vaporization, self-ignition,
and combustion of drops described above was used to
perform two series of calculations: (1) calculations of
the self-ignition and combustion of drops and (2) calculations of the vaporization of drops (with zero chemical
sources in the equations for the energy of the gas phase
and diffusion of gas mixture species). Some 200 calculations were performed over wide ranges of the initial
diameters of drops (D0 = 20–150 µm), gas suspension
equivalence ratios (Φ = 0.1–2.0), pressures (p = 2–8
MPa), and air temperatures (Tg0 = 800–900 K) for two
hydrocarbons, n-decane and n-tetradecane. It was

To summarize, self-ignition delay calculations
allowed us to create a database of self-ignition delay
times tign for n-decane and n-tetradecane drops under
various conditions and of reduced self-ignition radii δ∗.
The main purpose of calculations of the vaporization of drops was to determine the local equivalence
ratio in a vapor-gas mixture φ (it differs from the equivalence ratio in gas suspension Φ) and reduced temperature θ∗ = (T/Tg0)∗ at the reduced self-ignition radius δ∗
obtained from drop self-ignition calculations. In other
words, we were interested in the φ∗ = φ(δ∗) and θ∗ =
(T/Tg0)∗ = T(r∗)/Tg0 values at time t = tign. It is shown in
Fig. 8 how the θ∗ and δ∗ values were determined.
Fig. 9 illustrates the procedure for the determination
of θ∗ and φ∗ for the example of tign = 9.25 ms and δ∗ =
4.6. The curves in Fig. 9 were constructed using the
results of drop vaporization calculations and represent
“trajectories” of points with constant reduced temperatures θ∗ = 0.885 and 0.8975 and points with constant
φ∗ = 1.63 in space–time coordinates. We see that curves
with θ∗ = 0.885 and φ∗ = 1.63 pass through the point
tign = 9.25 ms, δ∗ = 4.6). In other words, local self-ignition in the vicinity of a drop occurs at θ∗ = 0.885 and
φ∗ = 1.63. As expected, the results are fairly sensitive to
the reduced temperature value. The data presented in
Fig. 9 can be interpreted as follows: the local self-ignition of a drop occurs when the reduced temperature and
equivalence ratio of the vapor–gas mixture at distance
δ∗ reach the values θ∗ = 0.885 and φ∗ = 1.63. Indeed,
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Fig. 9. Determination of the criterion of drop self-ignition.

θ * = 0.91,

φ * = 0.63.
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Fig. 10. Correlations between delay times tign (solid lines)
calculated using the model of the self-ignition of drops and
delay times tT () and tC () obtained using the self-ignition
criteria θ∗ = 0.906 and φ∗ = 0.625: (a) results of all calculations and (b) results of calculations with tign ≤ 10 ms.

(6)

The conclusion can be drawn that the data presented
in Fig. 10 are evidence of the existence of approximate
correlation between the tign, tT, and tC values. Importantly, this correlation is universal and independent of
the type of the fuel (n-decane or n-tetradecane), the initial diameter of drops (from 5 to 150 µm), equivalence
ratio in a gas suspension of drops (from 0.1 to 2.0), the
initial air temperature (from 800 to 900 K), and pressure (from 2 to 8 MPa).
Conditions (6) can be used as a criterion of drop
self-ignition (self-ignition criterion in what follows).
Maximum root-mean-square deviations from equations (6) are of 70% for the reduced temperature θ∗ and
100% for the equivalence ratio φ∗, which can be considered quite satisfactory for such a phenomenon as
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

5

10

these θ∗ and φ∗ values are reached at the reduced distance δ∗ at t = tign.
A similar comparative analysis was performed for
the whole series of calculations. We found that θ∗
changed from 0.83 to 1.0, and φ∗, from 0.25 to 2.0. A
statistical analysis of the data revealed important correlations between drop vaporization and self-ignition calculations. The correlations of the calculated tign values
with tT (self-ignition delay obtained using the θ∗ =
const criterion from drop vaporization calculations)
and tC (self-ignition delay obtained on the basis of the
φ∗ = const criterion from drop vaporization calculations) are shown in Figs. 10a and 10b. In Fig. 10a, all
the calculation data were used, and, in Fig. 10b, only
calculations in which tign did not exceed 10 ms (important for applications to the working cycle in a diesel
engine). The best agreement (the smallest root-meansquare deviation) between tign and tT on the one hand
and between tign and tC on the other was attained at
δ * = 3.71,

(‡)

25

r/(r)θ* = 0.8975

Combustion

5

341

self-ignition. Recall that errors of 100% in kinetic calculations are as a rule considered acceptable because of
errors in self-ignition delay measurements and uncertainties in kinetic constants.
The calculated dependences of self-ignition delay
times tign, tT, and tC on the initial diameter of drops are
shown in Fig. 11. The tign value decreases and tends to
the self-ignition delay of a homogeneous mixture
(shown by the horizontal dashed line in Fig. 11) rather
than zero as the initial diameter of drops diminishes.
Note that, as distinct from the self-ignition of a drop,
the summed rate of chemical transformations in a
homogeneous mixture is independent of diffusion pro-
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Fig. 11. Calculated dependences of self-ignition delay times
tign, tT, and tC on the initial diameter of n-decane drops at
Tg0 = 850 K and p = 2 MPa.

cesses. As concerns the behavior of the curves for tT and
tC in Fig. 11, these values lessen and tend to zero as the
diameter of a drop decreases. This shortcoming of selfignition criteria (6) is easy to remove. Merely, it must
be borne in mind that there is a limiting minimum selfignition delay in the ignition of drops, that is,
t T ≥ t ign, h ,

t C ≥ t ign, h ,

where tign, h is the self-ignition delay of a homogeneous
mixture under equal conditions. In practice, under diesel engine conditions, we always have
t ign ≥ 0.7–1.0 ms.
This condition is related not only to a finite rate of
chemical transformations and diffusion deceleration of
reactions but also to a finite time of the disintegration of
a fuel spray.
The calculated self-ignition delay times tign, h for a
homogeneous stoichiometric mixture of n-decane and
Table 3. Self-ignition delay times (ms) for an n-decane–air
homogeneous stoichiometric mixture
T, K

p = 2 MPa

p = 4 MPa

p = 6 MPa

p = 8 MPa

700
750
800
850
900
950

12.0
3.61
2.09
2.15
2.63
3.46

9.69
2.58
1.24
1.06
1.20
1.47

8.65
2.15
0.933
0.723
0.767
0.893

7.97
1.98
0.768
0.549
0.555
0.629

air obtained using a detailed kinetic mechanism [48]
are listed in Table 3. These delays correspond to the
region of two-stage low-temperature self-ignition of ndecane, where the temperature coefficient of the reaction rate is negative. At T < 800 K and p < 2 MPa, selfignition delay time rapidly increases and can even
exceed the drop lifetime for drops with the largest initial diameter used in calculations. The data presented in
Table 3 can be used to estimate the limiting minimum
tign values at various pressures and air temperatures.
A NEW MODEL OF THE SELF-IGNITION
AND COMBUSTION OF DROPS
IN A GAS SUSPENSION
A new model of the self-ignition of drops is based
on our model of the vaporization of drops [49, 50] augmented by local spatial distributions of temperature and
fuel vapor concentration in the vicinity of drops.
The main idea in the extension of model [49, 50] is
to redistribute the temperature of the vapor–gas mixture
and the concentration of fuel vapor in the grid cell
where a drop is situated. The redistribution should preserve the corresponding mean values of temperature
Tg∞ and fuel vapor concentration yv∞ on the one hand
and, on the other, provide a more accurate description
of the spatial distribution of the corresponding mixture
parameters in the vicinity of a drop, Tg(r, t) and yv(r, t).
Given the Tg(r, t) and yv(r, t) distributions, we can
determine the drop self-ignition delay time from
changes in the reduced temperature θ∗ and equivalence
ratio φ∗ at a distance equal to the reduced radius δ∗:
self-ignition occurs if criteria (6) are fulfilled.
Let Rd be the depth of heat wave penetration from
the surface of a drop into gas surrounding it. An analysis of detailed calculations of drop vaporization (see
Figs. 7, 8) shows that the temperature profile in the
vicinity of a drop can be approximated by a parabola at
R ≤ r ≤ Rd,
T g(r) = T i + a(r – R) + b(r – R) ,
2

(7)

and by the equation
T g(r) = T d,
at Rd ≤ r ≤ Re. Here, Ti is the temperature of the surface
of the drop and Td = Tg(Rd). At the distance r = Rd, the
derivative of temperature with respect to radius is zero.
Therefore,
a = – 2b ( R d – R ).

(8)

It follows from the condition Td = Tg(Rd) that
Td – Ti
b = – ----------------------.
2
( Rd – R )

(9)

Substituting (8) and (9) into (7) yields the temperature profile in the vicinity of a vaporizing drop within
an equivalent sphere with radius Re,
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Fig. 12. Scheme of temperature profiles in the vicinity of a drop at (a) t < td and (b) t > td.

r–R
r–R 2
T g ( r ) = T i + 2 ( T d – T i ) --------------- – ( T d – T i ) ⎛ ---------------⎞
⎝ R d – R⎠
Rd – R
(10)
at R ≤ r ≤ R d ,
T d = T g ( R d ) at R d ≤ r ≤ R e .
To summarize, the temperature is constant (maximum, Td) at Rd ≤ r ≤ Re (Fig. 12). It follows that the heat
flux to the surface of a drop is determined by the Td temperature rather than the mean gas temperature in the
grid cell (Tg0). However, the replacement of Td with Tg0
should not influence the heat balance in the grid cell;
that is, the mean temperature in the cell, Tg0, should
remain unchanged. If, as a first approximation, the temperature dependence of heat capacity is ignored, the
mean temperature in the grid cell should equal the mean
integral temperature in the elementary sphere.
When thermal perturbation reaches the boundary of
the elementary sphere around a drop, the gas temperature in the space between neighboring drops ceases to
be constant. It follows that we can determine the time
interval td during which Td = const. At t > td, the Td temperature equals the temperature at the boundary of the
elementary sphere.
The model described above includes two independent values: the temperature Td and the radius Rd. Rd
can be determined from the condition that the temperature reaches a maximum at r = Rd. In addition, the
unknown values Td and Rd are related by the heat balance equation. The spatial distribution of the mass fraction of fuel vapor is modeled similarly. The moment of
drop self-ignition corresponds to the moment at which
criteria (6) are satisfied; that is, each drop has its own
self-ignition delay time tign determined by these criteria
in a gas suspension.
After ignition, a drop begins to burn. It can therefore
be assumed that, at t = tign, the heat flux toward the surface of the drop changes stepwise from the heat flux
determined by the difference of temperatures Td – Ti to
the heat flux determined by the difference Tb – Ti, where
Tb is the combustion temperature. As concerns the mass
flux of vapor from the surface of the drop, it changes
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

abruptly from the value determined by the difference of
mass fractions yvs – yv∞ to the value determined by the
concentration of vapor on the surface of the drop, yvi,
because yv∞
0 in the flame front. The combustion
temperature is determined by the equation
y ox, ∞ Q ox
- at y ox, ∞ < y ox, st ,
T b = T d + ------------------cp
y ox, st Q ox
- at y ox, ∞ ≥ y ox, st ,
T b = T d + ------------------cp
where yox, ∞ is the mass fraction of the oxidizer in the
space on the outside of the flame, yox, st is the stoichiometric mass fraction of the oxidizer, Qox is the heat of
the reaction per unit mass of the oxidizer, and cp is the
heat capacity of the mixture at some reference temperature. Note that, in terms of this model, the diffusion
combustion of a drop reduces to the instantaneous
transformation of all fuel vaporized during a time step
into combustion products and the release of the corresponding reaction heat.
During time tign, drops vaporize, and a homogeneous spatially nonuniform vapor–air mixture is
formed around them. Therefore, at times exceeding tign,
we must take into account not only the possibility of
formation of a diffusion flame around drops, but also
the possibility of homogeneous combustion of vaporized fuel in the gas phase. There are several simple
models of homogeneous turbulent combustion, for
instance, the well-known model of eddy breakup [51].
CALCULATION RESULTS
We performed two series of multidimensional
numerical calculations to verify the new model of selfignition and combustion of drops.
In the first series, we used a uniform square computational grid. One of the grid cells contained
27 drops of n-decane uniformly distributed in its volume. It was assumed that, at the initial time, gas (air)
and drops were at rest. The equivalence ratio Φ in the
cell with drops was varied by varying the size of
drops.
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1434
1256.4
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1

Fig. 13. Calculated gas temperature fields (scale and isolevels) for the self-ignition and combustion of a nonuniform monodisperse
cloud of n-decane drops at 1, 3, 6, and 9 ms (from top to bottom). Drop diameter d = 60 µm, initial gas temperature T0 = 900 K,
pressure  = 2 MPa, number of drops in a cloud: (a) 300, (b) 600, and (c) 900. Arrows: (1) self-ignition of drops at the periphery of
clouds, (2) self-ignition of drops in the region with a low number density of particles, and (3) regions of homogeneous combustion.

The results of calculations were analyzed to determine the criterion of self-ignition in the δ∗ and θ∗ variables, similarly to what was done to obtain criteria (6).
As in (6), it was assumed that θ∗ = 0.91. We found that,
for the simplified new model, the criterion of self-ignition with respect to reduced temperature had the form
δ * = 5.0,

θ * = 0.91.

(11)

It follows that, as distinct from criterion (6), drop selfignition occurs in the simplified model when reduced
temperature θ∗ = 0.91 is reached at reduced distance
δ∗ = 5.0 (instead of 3.71). If (11) is satisfied, the results

of calculations according to the simplified model very
closely agree with the detailed calculation data.
The results of three-dimensional calculations of
self-ignition and combustion of nonuniform clouds of
(a) 300, (b) 600, and (c) 900 identical n-decane drops
(D0 = 60 µm) in 1 cm3 of air at the initial gas temperature Tg0 = 900 K and pressure p0 = 2 MPa are shown in
Fig. 13. The number density of the distribution of drops
over the volume decreases as the distance from the center of the cloud increases. We used a simple structured
computational grid. The problem was solved taking
into account gas and particle motions; that is, complete
(Reynolds-averaged) Navier–Stokes equations, equa-
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tions of the conservation of energy for the gas phase
(with sources describing interphase mass, momentum,
and energy exchange), and equations of the conservation of mass, momentum, and energy for each drop
(with the use of the Lagrange formalism) were solved.
The turbulence of the gas phase was described by the
well-known k – ε model, and turbulent dispersion of
drops, by the model suggested in [52]. The calculations
were performed using the AVL FIRE V8.6 commercial
package with introduced user functions.
Immediately after the self-ignition of some drop, its
diffusion burning according to the model described
above began. In addition to diffusion burning, we also
took into account homogeneous burning of fuel vapor,
the rate of which was described by the model from [51].
Variants a, b, and c shown in Fig. 13 were used to simulate the behavior of fuel–air mixtures strongly
depleted of fuel on average, but with substantially different local number densities of drops.
The brightness background in Fig. 13 corresponds
to gas temperature in the space between drops. A darker
background corresponds to a colder gas. Drop vaporization causes gas cooling, and this effect is more pronounced in the denser central part of the cloud.
The first self-ignition event occurs in places where
collective effects are insignificant, at the periphery of
the cloud (arrows 1 in Figs. 13a, 13b) or in rarefied
local cloud regions (arrows 2 in Figs. 13a–13c). Ignition delay (time before the first self-ignition event in the
cloud) was the same in all cases, although the numbers
of ignited drops were substantially different (27 drops
in Fig. 13a, 13 drops in Fig. 13b, and only two drops in
Fig. 13c). Subsequent self-ignition events either were
independent of the preceding ones or occurred as a
result of a flow of a hot mixture of air with combustion
products past vaporizing drops. In some cloud regions,
homogeneous combustion of fuel vapor was observed;
it was caused by the appearance of combustion products from ignited drops (arrows 3 in Figs. 13a–13c).
With time, burning spots propagated to layers with
larger number densities of drops. Only at the end of the
process, drops in the central part of the cloud with a
maximum number density of drops experienced ignition.
The sequence of frames in Figs. 13a and 13b is evidence that a cloud burns from periphery to its center. In
the last frames, we only see central drops, whereas all
the peripheral drops have either vaporized or been burnt
in diffusion flames. Anisotropy of cloud burning out is
shown in Fig. 13c.
On the whole, the combustion of a cloud of drops
with a more dense core (Fig. 13c) differs substantially
from the combustion of drop clouds with smaller core
densities (Figs. 13a, 13b). The process in Fig. 13c is
characterized by a much lower intensity and uniformity
of cloud burning out.
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CONCLUSIONS
A parametric analysis of numerical solutions to the
problems of the vaporization and self-ignition of drops
according to the complete model allowed us to suggest
a new criterion of drop self-ignition. According to this
criterion, ignition occurs when, at a given reduced distance from the surface of a drop, a definite reduced gas
temperature and a definite equivalence ratio are
reached.
A new model of drop heating and vaporization was
suggested for use in multidimensional gas dynamic calculations. The central idea of the model is the redistribution of vapor-gas mixture temperature and fuel vapor
concentration in the grid cell containing a drop. The
redistribution should preserve the corresponding mean
gas temperature and fuel vapor concentration (gas
dynamic equations are solved for mean parameters) on
the one hand and more accurately describe the spatial
distribution of mixture parameters around a drop on the
other. The distribution of gas temperature and liquid
vapor concentration around a drop and the new selfignition criterion can be used to determine drop selfignition delay time from changes in reduced temperature and equivalence ratio at the reduced distance
from the drop; self-ignition occurs when criteria (6)
are satisfied.
The model of drop heating and vaporization and the
criterion of self-ignition were used to create a new selfignition (and combustion) model for liquid hydrocarbon drops in dense gas suspensions. The model was
verified by performing multidimensional calculations
of the self-ignition and combustion of a cloud of drops.
Calculations showed that the model correctly described
the phenomenology of the process: the cloud experienced self-ignition and burned from its periphery to the
center. The first self-ignition events occurred at the
periphery of the cloud, where collective effects were
insignificant. Subsequently, combustion sporadically
occurred in layers situated closer to the center of the
cloud. Only at the end of the process, drops in the central (dense) cloud region experienced self-ignition. It
follows that the new model is the first one that allows
the phenomenology of the local appearance and anisotropic propagation of self-ignition and combustion
waves to be reproduced. Similar characteristics were
observed experimentally in the self-ignition of fuel
sprays in diesel engines. Self-ignition always occurs in
several spots at the periphery of a spray and then propagates along the spray and inside it exhibiting anisotropy and propagation nonuniformity.
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