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Abstract—The autoignition and combustion of nheptane droplets are simulated using a detailed kinetic
mechanism. A mathematical model, based on first principles, contains no adjustable parameters. The burn
ing rate constants for the combustion of droplets are calculated over a wide range of pressures, temperature,
fueltooxidizer equivalence ratios of the gas–droplet suspension, and droplet diameters. The calculated and
measured delay times of autoignition of droplets are compared. The calculation results agree well with the
available experimental data. The detonability of gas–droplet suspensions with partial preevaporation of fuel
is estimated.
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INTRODUCTION
It is known that nheptane, as a representative of
the homologous series of normal alkanes, exhibits a
multistage lowtemperature autoignition due to the
existence of competing mechanisms of chain branch
ing. The multistage ignition of homogeneous nhep
tane–air mixtures occurs as a sequence of cool, blue,
and hot flames [1]. The acceleration of the reaction in
the cool flame is a consequence of chain branching
during the decomposition of alkyl hydroperoxide
(here, heptyl hydroperoxide С7Н15О2Н) with the for
mation of a hydroxyl and an alkyloxy radical. A blue
flame arises because of chain branching during the
decomposition of hydrogen peroxide Н2О2. Hot
explosion is a consequence of a branchedchain reac
tion of atomic hydrogen with molecular oxygen. One
of the most striking features of multistage autoignition
is the existence of a region with a negative temperature
coefficient (NTC) of the reaction rate, when at a
higher initial temperature, the total ignition delay time
is longer than that at a low temperature.
Methods of modern mathematical theory of com
bustion makes it possible to calculate the characteris
tics of the autoignition and laminar combustion of
gaseous mixtures of nheptane on the basis of first
principles, i.e., without introducing adjustment coef
ficients and to obtain a satisfactory agreement with
experimental data. Such calculations are performed
using detailed kinetic mechanisms (DKMs) of fuel
oxidation and databases of thermophysical properties
of substances (see, e.g., [2, 3]).
As for the ignition and subsequent burning of
nheptane droplets, simulations of these processes are

mainly based on empirical [4–8] or semiempirical [9–
11], kinetic mechanisms.
In [4, 5], the hightemperature autoignition and
combustion of single droplets of nheptane and of
homogeneous monodisperse gas–droplet suspensions
were described within the framework of an empirical
mechanism composed of 10 reactions involving 10
components: С7Н16, O2, N2, CO, CO2, H2, H2O, NO,
soot S, and a generalized radical R. The mechanism
was tested by applying it to describing the hightem
perature autoignition of premixed gas mixtures, the
propagation of a laminar flame in such a gas, and the
counterflow diffusion combustion of gases. In [6], this
mechanism was used to determine the conditions for
the existence of a heterogeneous detonation in gas–
droplet suspensions of nheptane, whereas in [7, 8], to
calculate the structure and limits of the heterogeneous
detonation of gas– droplet suspensions.
In [9], the autoignition of single nheptane droplets
was simulated using the semiempirical kinetic mecha
nism from [12], which includes both high and low
temperature reactions, which simulate the NTC of the
reaction rate in a homogeneous mixture. However, the
authors of [9] revealed no NTC region while simulat
ing the lowtemperature autoignition of droplets.
Numerical simulations of the lowtemperature auto
ignition of single nheptane droplets with the use of a
semiempirical mechanism containing 62 reactions
were performed in [10]. In contrast to [9], in the cal
culations [10], an NTC region was detected, but as
compared to the experimental data, it turned out to be
significantly shifted toward lower temperatures. In
[11], the hightemperature autoignition of single

995

996

BASEVICH et al.

nheptane droplets was simulated using a semiempiri
cal mechanism composed of 282 and 51 components.
The main drawback of semiempirical mechanisms
is that their applicability to the specific conditions of
calculations should be tested using experimental data.
However, since experimental data are usually scarce,
these mechanisms are often extrapolated to a region of
governing parameters in which such tests have not
been conducted.
At present, only in rare cases, autoignition and
combustion of nheptane droplets are investigated
using DKMs. In [13], on the basis of a DKM including
904 reactions and 168 components, simulations of the
lowtemperature autoignition delays in a three
dimensional twophase turbulent flow with monodis
perse droplets of nheptane were performed. Owing to
the large computational cost, the modeling of associ
ated physical processes was significantly simplified:
the temperature distribution over the droplet and the
computational grid cell, whose size is many times the
diameter of the droplet, was assumed uniform. In fact,
the authors of [13] simulated the gasphase lowtem
perature autoignition of nheptane with some aver
aged parameters of the evaporation of the liquid.
In [14], a numerical simulation of forced ignition
and combustion of single nheptane droplets in a
25%О2 + 75%He atmosphere with the use of the block
of reactions from a DKM of ndecane oxidation con
taining 5000 reactions involving 200 components. The
focus was on the sensitivity of the conditions of extinc
tion of the flame around the droplet to changes in the
governing parameters of the problem.
Note that, in none of the cited works on the math
ematical modeling of the ignition and combustion of
droplets of nheptane, a blue flame was observed, and
even the possibility of its existence was not discussed.
In addition, all attempts to take into account collective
effects in gas–droplet suspensions were reduced to
averaging the temperature and concentration of fuel
vapor in the space between the droplets. Meanwhile,
other, more accurate approaches to the collective
effects in gas–droplet suspensions have been described
in the literature. For this purpose, a multidimensional
problem for two or more droplets [15, 16], a regular
array of droplets [17, 18], or a group of randomly
spaced droplets [19, 20] is solved, or a onedimen
sional spherically symmetric problem for a single
droplet with the boundary conditions of screening of
mass and energy fluxes at the middistance between
particles in a homogeneous monodisperse gas–droplet
suspension [21, 22] is considered.
The aim of this work was to numerically simulate
the autoignition and combustion of single nheptane
droplets, as well as homogeneous monodisperse drop
let–gas mixtures using a nonempirical model of heat
ing, evaporation, autoignition and combustion of
droplets [4, 5, 21, 22] in conjunction with a DKM for
fuel oxidation [3]. The main purpose of the model is to

refine the estimates of the detonability of air–nhep
tane droplet mixtures obtained in [6–8]. Such esti
mates are important for the development of safety
measures to prevent accidental explosions, as well as to
optimize the performance of liquid fuel airbreathing
pulse detonation engine [23].
The spherically symmetric model described in [4,
5, 21, 22] is based on nonstationary differential equa
tions of conservation of mass and energy in the liquid
and gas phases with variable thermophysical proper
ties. In formulating the problem, the concept of mul
ticomponent diffusion in the gas phase was used. The
model was constructed for the conditions of micro
gravity and constant pressure in the gas–droplet sys
tem. An important advantage of the DKM from [3] is
that it describes both the multistage, lowtemperature
oxidation in the cool and blueflame modes and the
hightemperature combustion of nheptane and that it
does not require additional testing.
MODEL
The mathematical model of heating, evaporation,
autoignition, and combustion of droplets was based on
the following equations [21, 22].
The continuity equation for the liquid (0 < r < rm):

∂ρd 1 ∂ 2
(1)
+
r ρdud = 0,
∂t r 2 ∂r
where rm is the droplet radius, t is the time, r is the
radial coordinate, ρd(Td) is the density of the liquid,
and ud is the velocity of the liquid.
The energy conservation equation for the liquid
(0 < r < rm):

(

cdρd

)

(

)

∂Td
∂T
2 ∂Td
,
+ cdρdud d = 12 ∂ λdr
∂t
∂r r ∂r
∂r

Td(0, r ) = Td0 ,

∂Td
= 0,
∂r r = 0

(2)

Td(t , rm) = Tg (t , rm),
where Td = Td (r, t ) is the temperature of the liquid,
cd(Td) is the specific heat of the liquid, λ d( Td) is the
thermal conductivity of the liquid, the subscripts 0 and
g hereafter refer to the initial values and the parameters
of the gas around the droplet.
The equation for the mass concentration of vapor of
the liquid at the droplet surface ( r = rm ):

Pv Wv ,
(3)
PW
where P is the pressure, W is the molecular mass (the
overbar denotes the quantity being averaged), and the
subscript v refers to the vapor of the liquid.
Yv =
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The continuity equation for the gas phase
(rm < r < R ):
∂ρ
∂ 2
g + 12  ( r ρ g u g ) = 0,
∂t r ∂r
∂r
ρ d ⎛ V d – m⎞
⎝
∂t ⎠

∂r
= ρ g ⎛ u g – m⎞
⎝
∂t ⎠

r = rm

ρg

c pgρ g

,
r = rm

∂Y j 1 ∂
∂Y
2
= 2 (ρ gr Y jV j) − ρ gug g + ωgj,
∂t r ∂r
∂r
Y j(0, r ) = Y j0 j = 1, 2, ..., N ,

(

−ρ duiβ j r = r = ρ gY j u g −
m

)

∂rm
+ ρ gY jV j
,
∂t
r = rm

ω gj = W gj

∑ (ν ''

j ,k

k =1

⎛ E ⎞
⎛Y glρ g ⎞
− ν 'j,k)AkT gnk exp ⎜ − k ⎟
⎜
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⎝ RT g ⎠ l = 1 ⎝ W gl ⎠

∏

(5)

⎛ X jX k ⎞
⎟ ( V k − V j) ,
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⎠
k =1

∑

H k AkT gnk

⎛ E ⎞
exp ⎜ − k ⎟
⎝ RT g ⎠

λd

(6)
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−
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∂r

ν j',k

,

(8)

where the Lv is the latent heat of vaporization of the
liquid.
The equation of state of an ideal gas for the gas
phase:

ρ g = PW .
RTg

(9)

The condition of pressure constancy:
P = const.

N

∂Tg
= 0,
∂r r = R

where H k is the thermal effect of the kth chemical
reaction.
The boundary condition of matching Eqs. (2) and (7)
at the droplet surface ( r = rm ) for determining the
droplet surface temperature Tdi :

,

where Ak , nk , and E k are the preexponential factor,
the temperature exponent, and activation energy for
the kth reaction; ν 'j,k and ν ''j,k are the stoichiometric
coefficients for the jth component in the case when it
is a reactant and product in the kth reaction, respec
tively.
The equation for the diffusion velocity in the gas
phase (rm < r < R ):

(7)

where c pg = c pg(Tg), ρ g = ρ g(p,Tg), λ g( p ,Tg) are,
respectively, the specific heat, density, and thermal
conductivity of the gas mixture.
The chemical source of Ω in (7) is given by

ν 'l ,k

β j = 0 at j ≠ v ,

∑ ⎜⎝ D

Tg(t , rm) = Td (t , rm),

k =1

β j = 1 at j = v ,

∂X j
=
∂r

Tg(0, r ) = Tg0 ,

Ω=

where V j is the diffusion velocity of the jth component,
ui = ui(t ) is the velocity of movement of the droplet
surface due to evaporation (note that there is another
component of the droplet surface velocity due to ther
mal expansion of liquid). The initial mass concentra
tions Y j0 are specified in the form of uniform distribu
tions in the gas phase. The rates of chemical reactions
ω gj and the coefficients β j read as
N

∂Tg 1 ∂ ⎛ 2 ∂Tg ⎞
∂T g
= 2 ⎜ λ gr
+ Ω,
⎟ − c pgρ gu g
∂t
∂r ⎠
∂r
r ∂r ⎝

L

∂WY j
= 0, j = 1,..., N ,
∂r r = R

L

where X j = Y jW W j is the mole fraction of the jth
component in the mixture.
The equations of conservation of energy in the gas
phase (rm < r < R ):

(4)

where R is the radius of the computational domain
around the droplet (characterizes the middistance
between neighboring droplets in the gas suspension)
and the derivative ∂rm/ ∂t determines the instantaneous
velocity of the droplet surface due to evaporation and
thermal expansion.
The equation of continuity of the gaseous compo
nents (rm < r < R ):

997

(10)

The system of equations (1)–(10), supplemented
by a database of the thermophysical properties of the
components [21, 22], was integrated numerically
using a nonconservative implicit finite difference
scheme and an adaptive moving grid. To calculate the
chemical sources ω gj and Ω , we used the DKM from
[3], which included 83 components and 623 reversible
reactions. The calculation procedure consisted of suc
cessive approximations at each time step. An impor
tant feature of the algorithm was a complete lineariza
tion of the conditions of matching of the solution at
the droplet surface. The accuracy of the solution was
continuously checked for compliance with the ele
mental balance of C and H atoms, as well as with
energy balance.
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Fig. 1. Calculated time dependence of the maximum tem
perature Tg, max of the gas around an nheptane droplet
during its autoignition: d 0 = 700 µm, Tg0 = 1000 К, P =
1 atm, and Φ = 0.46.

Fig. 2. Calculated time dependences of the maximum
temperature Tg, max of the gas around an nheptane droplet
and of the square of its diameter during autoignition: d 0 =
60 µm, Tg0 = 950 K, P = 20 atm, and Φ = 1.

CALCULATIONS OF THE AUTOIGNITION
OF DROPLETS
To test the predictive ability of model (1)–(10) sup
plemented by the DKM for the ignition and combus
tion of nheptane, we first calculated the delay time for
the ignition of single quiescent nheptane droplets in
air and compared the calculated values of the induc
tion period measured under microgravity [24, 25]. We
assumed that, at the initial moment of time, the air
around the droplet was uniformly heated to T g 0
whereas the initial temperature of the liquid was Td0 =
293 K. The radius R of the computational domain
around the droplet was set sufficiently large compared
to the initial radius of the droplet rm0, so that, in the
process of ignition, the physical parameters at the
boundary of the domain did not change. Note that, in
accordance with [21], any chosen value of R corre
sponds to a particular value of the fueltooxidizer
equivalence ratio Φ in a homogeneous monodisperse
gas–droplet suspension:

where φ st is the mass fraction of fuel in a stoichio
metric mixture (for an air–nheptane mixture,
φ st ≈ 0.062).

1/3

⎛ ρd ⎞
R = rm ⎜
⎟ ,
⎝ ρ gΦφ st ⎠

(11)

Autoignition delay time for single nheptane droplets at a pressure
of 1 atm
Initial droplet
diameter, µm

Air tempe
rature, K

700
1000

1000
960

Autoignition delay time, s
experiment

calculation

0.30 [24]
0.58 [25]

0.18
0.27

After a certain period, the induction period or the
ignition delay time τ i , the gas mixture autoignited at a
certain distance from the surface of the droplet. Fig
ure 1 shows the calculated dependence of the maxi
mum temperature of the gas Tg, max on the time t for an
nheptane droplet with an initial diameter of
d 0 = 2 rm0 = 700 μm at an initial temperature of the air
of T g 0 = 1000 K and a pressure of 1 atm. The radius of
the computational sphere R around the droplet corre
sponded to a fueltooxidizer equivalence ratio of Ф =
0.46. In the calculations, the induction period τ i was
defined as the time interval from the beginning of the
process to the point of intersection of two straight lines
tangent to the temperature curve: parallel the time axis
and passing through the inflection point. The table
compares the calculated values of τ i with the values
measured in [24, 25]. Given the complexity of the
physical and chemical processes around the droplet,
the results appear to be satisfactory.
CALCULATIONS OF THE COMBUSTION
OF DROPLETS
Next, we addressed to the problem of the autoigni
tion and subsequent combustion of spherical nhep
tane droplets with different sizes over a wide range of
conditions in pressure P, temperature T g 0 and fuelto
oxidizer equivalence ratio Ф.
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Fig. 3. Calculated pressure dependences of the autoignition delay time τ i and the burning rate constant K for an nheptane droplet
with d 0 = 700 μm at Tg0 = 1000 K and Φ = 1. The closed symbols represent the measured values of τ i for single nheptane droplets
(Φ → 0): (triangles) d 0 = 700–750 μm [26] and (circles) d 0 = 700 μm and Tg0 = 940 K [10] (the vertical bar indicates the scatter
in experimental data). Open symbols represent measured values of K for single nheptane droplets (Φ → 0): (circles) d 0 = 700–
1700 μm and Tg0 = 973 K [27].

The calculations showed that, at certain pressures
and temperatures, the autoignition of nheptane drop
lets occurs as a multistage process, well known for gas
phase oxidation. For example, the Tg,max(t ) curve in
Fig. 2 illustrates the multistage autoignition of a d 0 =
60 µm droplet at P = 20 atm and T g 0 = 950 K. The
multistage character of the process manifests itself as a
stepped increase in the temperature within 2.5–3.0 ms
due to the blue flame associated with the decomposi
tion of accumulated hydrogen peroxide [3] (the total
induction period of autoignition is ~3.87 ms). That
multistage nature of the process clearly manifests itself
is largely due to the gas suspension assumed to be
monodisperse. At certain values of temperature T g 0
and pressure P, the multistage character manifested
in the form of successive cool and blue flames, pre
ceding a hot explosion in the gas phase. Obviously,
for a real polydisperse spray, such stepwise increases
in temperature are not registered because of a strong
dependence of the physical and chemical processes
around the droplets on their size and spatial distribu
tion. However, locally, the multistage ignition always
takes place.
After the hot explosion, the droplet starts to burn.
First, at some distance from the droplet surface, a
hightemperature flame is formed, and then the flame
temperature reaches a steadystate value, i.e., the
period of steady burning of the droplet sets in. Using
the rate of decrease of the square of the droplet diam
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

eter, one can determine the constant K in the burning
rate law constant:
(12)
d 2 = d 02 − Kt ,
where d is the droplet diameter at time t. In fact, the
d 2( t ) dependence is more complicated than linear
2
dependence (12). An example of the calculated d ( t )
dependence is shown in Fig. 2. As can be seen, after a
small initial increase in the droplet diameter (caused
by the thermal expansion of the liquid: the maximum
value is d 2 = 3.69 × 10–5 cm2 instead of the initial value
of 3.60 × 10–5 cm2), it decreases due to evaporation,
and then, after the ignition of fuel vapor (this moment
is shown by the arrow), it decreases at a higher rate.
Over this last portion of the d2(t) curve, its slope
remains approximately constant and equal to the
burning rate constant K, which is defined by the cur
rent value of Tmax.
It is interesting to examine how the ignition delay
time and the burning rate constant of droplets depend
on the pressure P. As an example, Fig. 3 shows the
results of calculations at d 0 = 700 µm, T g 0 = 1000 K,
and Φ = 1 ( τ i and K curves). The τ i curve in Fig. 3
shows the calculated τ i( P ) dependence within 1–
100 atm. As can be seen, the ignition delay time
increases sharply at low pressures. The closed symbols
in Fig. 3 correspond to the experimental data on the
autoignition of single nheptane droplets [10, 26]. In
contrast, the K(P) dependence in Fig. 3 is relatively
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Fig. 4. Calculated dependences of the ignition delay time
τi and burning rate constant K of an nheptane droplet on
the fueltooxidizer equivalence ratio Φ for a gas–droplet
suspension at d0 = 60 μm, Tg0 = 1000 K, and P = 20 atm.

Fig. 5. Calculated dependences of the ignition delay time
τi and burning rate constant K of an nheptane droplet on
the initial droplet diameter d0 at Tg0 = 1000 К, P = 20 atm,
and Φ = 1.

weak: with increasing pressure K does so only slightly.
The open symbols in Fig. 3 represent the experimental
data reported in [27]. In general, the calculation
results and experimental data for τ i and K appear to be
in close agreement.

To determine the Arrhenius parameters (preexpo
nential factor Ak and activation energy Ek) of elemen
tary gasphase reactions or some overall processes, the
logarithm of the induction period of autoignition is
normally plotted as a function of the reciprocal tem
perature T g−1
0 . Despite the fact that the autoignition
and combustion of droplets occurs in the gas phase,
the chemical process is complicated by the evapora
tion of liquid, thermal conductivity, mutual diffusion
of fuel, oxidizer, intermediates, and final products, as
well as by convective (Stephan) flow. Nevertheless, by
constructing the logτ i − Tg−01 dependence, one can
determine effective (macrokinetic) Arrhenius parame
ters for the process of autoignition of droplets. As can be
seen from Fig. 6, at P = 20 atm, Φ = 1, and d 0 = 60 µm,
the calculated log τi − Tg−01 dependence for nheptane
droplets is an Sshape, even though weakly expressed.
The same shape, but more pronounced, is typical of
the gasphase oxidation of nheptane under homoge
neous conditions [3, 12]. An inspection of Fig. 6 shows
that, at P = 20 atm, Φ = 1, and d 0 = 60 µm, the effec
tive activation energy E e in the hightemperature
region for the autoignition of droplets is ~18 kcal/mol
and ~8 kcal/mol at low temperatures. The symbols in
Fig. 6 represent the measurements from [28] (cited in
the review [29]). In [28], the ignition induction period
was measured by injecting a liquid nheptane spray
into an electrically heated furnace. The moment of
ignition was identified with the appearance of glow.

Figure 4 shows the calculated dependences of τ i
and K on the initial value of the fueltooxidizer equiv
alence ratio Ф in the gas suspension at d 0 = 60 μm,
T g 0 = 1000 K and P = 20 atm. It is seen that the τi(Φ )
and K ( Φ ) dependences are very weak.
Note that the calculations were performed only at
Φ < 3, when the middistance R between the droplets
in the gas suspension is still large enough: at Φ = 3
according to (11) R/rm ≈ 7. However, when simulating
the combustion of gas mixtures highly rich in fuel, it is
necessary to take into account the formation of soot
and fuel pyrolysis products, as well as heat transfer by
radiation, effects disregarded in model (1)–(10).
Figure 5 shows the calculated dependences of τ i
and K on the initial diameter of droplets d 0 in the gas
mixture of stoichiometric composition (Φ = 1) at
T g 0 = 1000 K and P = 20 atm. While the τi (d 0) depen
dence does not cause problems: in the case of small
droplets, the fuelair mixture is formed faster, the
K ( d 0) dependence, at first glance, contradicts expres
sion (12).
Recall, however, that expression (12) ignores the
collective effects in a gas mixture of stoichiometric
composition, whereas the calculated K ( d 0) depen
dence was obtained subject to conditions of zero mass
and energy fluxes at the boundary of the computa
tional domain R.

Figure 7 displays the calculated dependence of the
burning rate constant K for an nheptane droplet as a
function of the ambient air temperature T g 0 at P =
20 atm, Φ = 1 and d 0 = 60 µm. It is seen that the
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different values of T g 0 , P, Φ , and d0 yield K = 0.0047–
0.0157 cm2/s [30–34]. Since these calculated values of
K are consistent with the results of measurements, one
can conclude that model (1)–(10), supplemented by a
DKM for the gasphase oxidation of nheptane, satis
factorily describes not only the ignition but also the
combustion of droplets.

logτi [s]
−1.5
−2.0

Ee = 7.8 kcal/mol

−2.5

DETONATION OF nHEPTANE DROPS
IN THE AIR

−3.0

Based on a model of the autoignition and combus
tion of nheptane droplets with a semiempirical
kinetic mechanism of oxidation, the authors of [6]
examined under what conditions heterogeneous drop
let detonation can occur. The analysis was based on a
comparison of the characteristic times of heat release
in gas and heterogeneous detonation waves. As a crite
rion of detonability, the reaction time of t* = 100 μs
was accepted, which approximately corresponds to the
detonation limit for stoichiometric gaseous hydrocar
bon–air mixtures at normal initial pressure. Calcula
tions showed that whether the detonation of a hetero
geneous droplet mixture is possible is largely deter
mined by the presence of a sufficient amount of fuel in
its vapor phase at the instant of initiation. If the initial
fuel content is below a certain value, gas–nheptane
droplet mixture turns out to be nondetonable. For
example, it was shown [6] that the conditions behind a
shock wave leading the detonation of a uniform
monodisperse stoichiometric (Φ = 1) suspension
with 8μmindiameter nheptane droplets and with a
75% initial fuel vapor content correspond to the deto
nation limit. In other words, at fuel vapor contents of
50, 25, and 0%, nheptane droplets with a diameter of

Ee = 18.4 kcal/mol

−3.5
0.6

1001

0.8

1.0

1.2

1.4
1000/Tg0, K

Fig. 6. Calculated dependence of the logarithm of the
delay time of autoignition log τ i of a droplet on the recipro
−1

cal temperature Tg0 : d 0 = 60 µm, P = 20 atm, and Φ = 1.
The symbols represent the experimental data from [28] for
P = 21 atm.

K( Tg0) dependence is nonmonotonic: at Tg0 ≈ 985 K,
it passes through a maximum with K ≈ 0.013 cm2/s.
Generally, within 800 K ≤ Tg 0 ≤ 1500 K, the calcu
lated K value varies from 0.008 cm2/s at 800 K to
0.013 cm2/s at 985 K, and to 0.01 cm2/s at 1500 K.
Note that, for the conditions used to plot the graphs
presented in Figs. 1–7, there is only a limited number
of experimental data concerning K. However, the
available published experimental data for nheptane at
K, сm2/s
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Fig. 7. Calculated dependence of the burning rate constant K for an nheptane droplet on the initial temperature Tg0 at d 0 =
60 µm, P = 20 atm, and Φ = 1.
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Fig. 8. Calculated spatial distribution of temperature over a droplet and around it at various moments of time at d 0 = 7.9 μm,
Tg0 = 1500 К, P = 30 atm, Φ = 1, and Ψ = 0.5.

8 μm fail to fully react in time t∗; i.e., according to the
above criterion, detonation is impossible. For exam
ple, at a 0, 25, and 50% vapor content in the gas phase,
the amount of unreacted nheptane at time t∗ is 95%,
4.6%, and 2.5% respectively.
A refined model of heterogeneous droplet detona
tion was proposed in [7, 8]. The model considers the
local autoignition and diffusionlimited combustion
of the mixture around the droplets at variable averaged
flow parameters behind the shock wave leading the
detonation. It was shown [7, 8] that, given the strong
sensitivity of heterogeneous detonation to the content
of fuel in lean and nearstoichiometric mixtures, such
mixtures apparently do not detonate.
To verify the conclusions drawn in [6–8], we per
formed here, calculations with the use of a DKM for
nheptane oxidation. As in [6], the conditions in the
detonation wave were set identical to those character
istic of the von Neumann spike for detonation waves in
mixtures of hydrocarbon fuels with air (the tempera
ture and pressure behind the leading shock wave, Tg0 =
1500 K and P = 30 atm; the shock wave velocity,
1800 m/s). We assumed that the shock wave propa
gates in an nheptane–air stoichiometric mixture, that
the fuel in the mixture is partially vaporized, with the
rest being present as a uniform monodisperse gas
suspension of droplets of diameter d 0 , and that the
vapor content of the fuel in the gas phase is specified
by degree of preevaporation of droplets Ψ. It was

also postulated that in the absence of preevapora
tion of fuel, i.e., at Ψ = 0 , the drops had a diameter
d0 = 10 μm.
As an example, Fig. 8 shows the calculated spatial
distribution of temperature around a nheptane drop
let at different moments of time after the arrival of the
shock wave. In this example, Ψ = 0.5 and d 0 = 8 μm.
At the end of the induction period, at τi ≈ 10 μs, the
preliminary prepared vapor–air mixture first ignites at
a sufficiently large distance from the droplet, where
there is no effects associated with the thermal and dif
fusion fluxes caused by its heating and evaporation.
Then, the combustion wave reaches the nonuniform
region in the immediate vicinity of the drop, where a
high temperature diffusion flame forms and a local
temperature maximum arises. Then, the drop com
pletely burns out within t ≈ 60 μs < t*. According to
the above criterion, a gas–droplet mixture of stoichio
metric composition with Ψ = 0.5 and d 0 ≈ 8 μm is det
onable. Thus, the replacement of the semiempirical
kinetic mechanism of nheptane oxidation by the
DKM resulted in an expansion of the detonability lim
its for 8μm nheptane droplets : instead of the limit
ing condition Ψ ≈ 0. 75 , we obtained Ψ ≈ 0. 5 .
Figure 9 shows the calculated dependence of the
maximum gas temperature Tmax and the square of the
2
droplet diameter d on the time at Ψ = 0 (d 0 =
10 μm), 0.25 (d0 ≈ 9 μm), 0.50 (d 0 ≈ 8 μm), and
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Fig. 9. Calculated time dependences of the maximum temperature Tmax of the gas (solid lines) and the squared droplet diameter

d 2 (dashed lines) at Tg0 = 1500 K, P = 30 atm, Φ = 1, and various degrees of preevaporation of droplets: Ψ = 0, 0.25, 0.50, and 0.75.

0.75 (d0 ≈ 6 μm). One can see that, at Ψ = 0, i.e.,
without partial evaporation (prior to the arrival of the
shock wave), an nheptane droplet with d 0 = 10 μm in a
stoichiometric gas–droplet mixture does not have
time to burn out within a time of t∗ = 100 μs. In accor
dance with the accepted criterion, at Ψ = 0, detona
tion is impossible. In the other cases, i.e., at Ψ = 0.25,
0.5 and 0.75, gas–droplet mixtures are detonable.
The results obtained are confirmed by experimen
tal studies (see, e.g., [35, 36]). In these works, the det
onation of sprayed kerosene, JP10 [35] and TS1
[36], in the air was possible only due to a partial evap
oration of the fuel (up to Ψ = 0.75).
CONCLUSIONS
The ignition and combustion of air–nheptane
droplet mixtures were simulated within the framework
of a detailed kinetic mechanism. The model is con
structed based on first principles, without invoking
adjustable parameters. The ignition delay time and
burning rate constant for nheptane droplets were cal
culated over a wide range of pressures, temperatures,
fueltooxidizer equivalence ratios, and initial droplet
diameters. We obtained refined estimates of the deton
ability of air–nheptane mixtures at different degrees
of fuel preevaporation.
The results obtained are in satisfactory agreement
with experimental data and show a marked influence
of chemical processes not only on the autoignition but
also on diffusion combustion of droplets. The mathe
matical model can be used to determine the condi
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

tions for the existence and limits of the heterogeneous
detonation in air–liquid fuel droplet mixtures.
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