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DETONATIONS OF LIQUID SPRAYS AND DROP SUSPENSIONS: 

THEORY  
 

S. M. Frolov 

N. Semenov Institute of Chemical Physics, Moscow, Russia 

Nomenclature 

dA  drop mid-section area (m
2
) 

kA  preexponential factor of the kth chemical reaction(mol, l, s) 

a speed of sound (m/s) 

DC  aerodynamic drag coefficient 

pc  specific heat at constant pressure (J/(kg K )) 

vc  specific heat at constant volume (J/(kg K )) 

D detonation velocity (m/s) 

ɽ activation energy (J/kg) 

kH  heat effect of the k th chemical reaction (J/kg) 

h enthalpy (J/kg) 
o

jgh ,  standard formation enthalpy of the jth species (J/kg) 

dg  drop size distribution function  

K  vaporization/combustion constant (m
2
/s) 

L  number of reactions 

vL  latent heat of vaporization (J/kg) 

M shock wave Mach number 

m  mass (kg) 

m# vaporization rate (kg/s) 

N number of gaseous species 

n reaction order 

dn  drop number density (m
ï3

) 

Oh Ohnesorge number  

p pressure (Pa) 

q# heat flux (W/m
2
) 

R universal gas constant (J/(kmol K )) 

R  radius of elementary sphere (m) 

r  radial coordinate (m) 

dr  drop radius (m) 

mr  micromist drop radius (m) 

Re Reynolds number 

T  temperature (K) 

t time (s) 

*t  representative time of drop deformation and breakup (s) 

u  velocity (m/s) 

V  volume (m
3
) 
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jV  diffusion velocity of the jth species (m/s) 

W  molecular mass (kg/kmol) 

W  mean molecular mass (kg/kmol) 

We Weber number 

jX
 

molar fraction of the jth species 

x distance from the lead shock front (m) 

Y  species mass fraction 

 ratio of specific heats 

d  local liquid density (kg/m
3
) 

 thermal conductivity, W/(m K ) 

 dynamic viscosity (N s/m
2
) 

 stoichiometric coefficients 

 stoichiometric coefficients 

 density (kg/m
3
) 

 liquid surface tension (N/m) 

u  characteristic time of drop deceleration (s) 

b  characteristic drop breakup time (s) 

v  characteristic drop vaporization time (s) 

i  characteristic ignition time, ignition delay (s) 

 equivalence ratio 

st  stoichiometric fuel ï air ratio 

 chemical source term (J/(m
3
s))  

 reaction rate (kg/(m
3
s)) 

Indices 

0 relates to initial value 

CJ relates to ChapmanïJouguet conditions 

d relates to drop 

g relates to gas 

i relates to the drop surface 

j relates to the jth species in gas mixture 

l relates to liquid 

v relates to vapor 

s relates to lead shock wave 

 relates to large distance from the drop 

Abstract 

Together with a review of existing models of heterogeneous detonations this paper provides 

the authorôs recently suggested rational theory of heterogeneous detonation including finite-

rate multistep ignition and combustion chemistry as well as group-screening effects of drops 

in suspensions. The physical and mathematical statement of the problem is followed by the 

discussion of computational results on detonation structure and detonability limits in terms of 

equivalence ratio and drop size. In addition, the theory is capable of predicting the effects of 



 3 

fuel type, active additives, fuel prevaporization degree, initial pressure and temperature, etc. 

Finally, the key unresolved issues in the theory of heterogeneous detonation are discussed. 

1. Introdu ction 

New air-breathing propulsion systems operating on propagating periodic detonations have 

recently become a topic of intense research and development [1, 2]. The most challenging 

problem relevant to such propulsion systems is to provide the conditions and techniques to 

repeatedly initiate detonation waves in a two-phase confined flow comprising air and liquid 

fuel drops (heterogeneous detonation) at short distances with very low external energy 

deposition. Apart from this, heterogeneous detonations are used for military purposes and are 

known to be a cause of devastating effects at uncontrolled accidental explosions in industry.  

Contrary to detonations in premixed gases (gaseous detonations [3, 4]), chemical 

energy deposition in a heterogeneous detonation wave is preceded by mixture formation. The 

explosive mixture forms due to aerodynamic drop breakup behind the lead shock wave 

followed by vaporization of drop fragments and molecular mixing of fuel vapor with air. 

Chemical energy deposition starts from localized autoignition events in a partially premixed 

medium. Further spreading of chemical reaction fronts in space is controlled by local mixture 

composition and temperature. Here, all known mechanisms of reaction front propagation 

seem to be possible: laminar and turbulent flames, premixed, partially premixed and 

nonpremixed flames, as well as transient flames with secondary shock waves and 

ñspontaneousò flames [5ï7]. At partial prevaporization of fuel drops ahead of the detonation 

wave, shock-induced autoignition starts earlier and the contribution of the autoignition stage 

to the total energy release increases. In the limit, when nearly all liquid fuel is prevaporized 

ahead of the detonation wave and fuel vapor is mixed with air, the heterogeneous detonation 

becomes very similar to the gaseous detonation with shock-induced autoignition playing a 

dominant role in the mechanism of chemical energy deposition. 

Despite the differences in the mechanism of energy release in gaseous and 

heterogeneous detonations, thermodynamically such waves are very similar to each other. At 

similar initial conditions they have almost same propagation velocities, in particular at a small 

fuel mass fraction in the mixture. Moreover, the propagation mechanisms of such waves seem 

to be similar. Both gaseous and heterogeneous detonations propagate due to strong coupling 

between the lead shock wave and chemical energy deposition. In suspensions of very fine 

hydrocarbon drops in oxygen the observed structure of a heterogeneous detonation wave 

resembles the structure of the corresponding gaseous detonation [8, 9]. The necessity of 

ensuring the stability of the ñshock wave ï reaction zoneò complex implies that the reaction 

completion time in gaseous and heterogeneous detonations should not differ considerably. 

Otherwise the strong gasdynamic feedback between the lead shock wave and the reaction 

zone in the heterogeneous detonation would hardly exist. Some differences in the 

characteristic reaction time could, however, be possible due to various stabilizing effects of 

shock reflections from particles in the flow. According to numerous observations, the 

characteristic time of energy deposition in both gaseous and heterogeneous detonation waves 

is very small and does not exceed ~100 ɛs, implying that detonation is a highly dynamic and 

transient phenomenon.  

The current understanding of heterogeneous detonations is based more on general 

similarity with gaseous detonations rather than on the rational quantitative theory. The 

existing theoretical models of the heterogeneous detonation consider the average flow behind 

the lead shock wave [10ï17]. Interactions between drops and gas are most often described 
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using various (mostly irrelevant) empirical correlations obtained for a single spherical particle 

in the steady-state gas flow. Thus, drop vaporization is usually modeled by the well-known 

d
2
-law disregarding the transient heating period of a drop which can occupy the major part of 

drop lifetime [18, 19], as well as drop deformation and internal liquid circulation [20]. The 

convective enhancement of heat and mass transfer in the two-phase flow with highly unsteady 

velocity slip between phases is modeled by empirical corrections like RanzïMarshall 

relationship [21] obtained for a wetted porous sphere at steady-state flow conditions. The 

aerodynamic breakup of drops behind detonation fronts is modeled based on empirical 

correlations for drop behavior behind idealized planar incident shock waves in inert gas [22] 

neglecting the influence of both the inhomogeneous structure of the lead detonation front and 

upstream-propagating secondary pressure waves originating in the subsonic reaction zone of a 

two-phase detonation. The momentum exchange between phases is usually modeled using a 

concept of the quasi-steady-state aerodynamic drag coefficient for a single spherical particle, 

thus omitting the effects of drop deformation, neighbor-particle wakes, etc. When modeling 

chemical energy release, it is often assumed that the heat release rate is ultimately controlled 

either by drop vaporization (fine drops) or by aerodynamic drop breakup (large drops). Such 

models of heterogeneous detonations do not account for finite rates of chemical reactions and 

fail to predict detonability limits. In some cases, either empirical correlations for ignition 

delays [15] or detailed fuel oxidation mechanisms [23, 24] are applied to describe the 

detonation structure based on the averaged temperature and gas-phase composition, thus 

ignoring high intrinsic sensitivity of chemical transformations to local mixture temperature 

and composition. Finally, in all available models the screening effects of neighbor drops on 

interphase mass, momentum, and energy fluxes are modeled indirectly, through 

instantaneously-changing averaged values of gas flow parameters. As a result, the finite rates 

of accompanying physical and chemical phenomena are completely neglected.  

The objective of this paper is to construct a rational quantitative theory of 

heterogeneous detonations in liquid sprays and drop suspensions which could allow revealing 

possible mechanisms of detonation propagation, as well as predicting the detonation structure, 

propagation velocity, and detonability limits depending on the physical and chemical 

properties of liquid fuel and initial conditions. 

Before formulating the theory itself we briefly discuss the phenomena relevant to 

heterogeneous detonations of sprays and drop suspensions. Section 2 starts from definitions of 

the most important concepts (Subsection 2.1) and addresses one by one such issues as drop 

motion (Subsection 2.2), deformation and breakup (Subsection 2.3) followed by the formation 

of micromist clouds and their vaporization (Subsection 2.4), autoignition (Subsection 2.5), 

and combustion (Subsection 2.6). The number of publications in which these issues have been 

tackled both theoretically and experimentally counts hundreds, including several reviews. 

Therefore the emphasis of Section 2 is made on analyzing only those publications that are 

directly relevant to heterogeneous detonations. Thereafter, Section 3 presents the 

mathematical formulation of the theory and Section 4 provides the analysis of computational 

results.  

2. Phenomenology 

2.1 Definitions 

Detonation is the steady-state self-sustained supersonic combustion mode propagating due to 

shock-induced chemical energy release. To get an idea about the mean values of 

thermodynamic parameters and flow velocity in the detonation wave one can assume  that  the 
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Figure 1: Schematic of the structure of heterogeneous detonation 

 

heterogeneous detonation exhibits the classical one-dimensional (1D) Zelôdovich ï von 

Neumann ï Doering (ZND) structure very similar to the 1D structure of gaseous detonation 

[3, 4]. Figure 1 presents the schematic of the detonation structure in the frame of reference 

moving with the detonation wave. The lead front of the detonation wave is the inert shock 

wave propagating at supersonic velocity D . The lead front is followed by the subsonic 

reaction zone with energy deposition to the postshock flow due to gas-phase chemical 

reactions between fuel, oxygen, and various intermediate reaction products. The reaction zone 

is terminated by the ChapmanïJouguet (CJ) plane where the gas velocity attains the local 

speed of sound, thus avoiding penetration of weak gasdynamic disturbances upstream into the 

reaction zone. Black dots of different size and shape in Fig. 1 denote liquid drops. In the 

adopted frame of reference, the two-phase medium consisting of liquid fuel drops and air 

approaches the shock wave at constant velocity D  equal to the detonation velocity. Due to 

high dynamic and thermal inertia of liquid drops as compared to gas, the drops enter the 

reaction zone with velocity D  and initial temperature 0dT  whereas the gas ñinstantaneouslyò 

changes its velocity in the shock wave from D  to gsu  and temperature from 0gT  to gsT . This 

is the reason why various physical and chemical processes are activated immediately behind 

the lead shock wave, namely, drop deceleration, deformation and aerodynamic breakup, drop-

mist dispersion, heating, vaporization, turbulent and molecular mixing of fuel vapor with 

oxidizer, ignition, and combustion. Since these processes are highly interrelated with each 

other, the entire phenomenon of heterogeneous detonation looks very complex even in the 1D 

formulation. 

The typical values of main characteristic parameters for the detonation of a 

stoichiometric hydrocarbonïair mixture at normal initial conditions (air pressure 0p = 1 bar, 

density 0g =1.2 kg/m
3
, temperature 0gT = 293 K, and the speed of sound 0ga 340 m/s) are 

listed in Table 1. These are the detonation velocity D , detonation Mach number 0/M gaD , 

gas pressure sp , density gs, temperature gsT , and velocity gsu  immediately behind the 

lead shock wave, and gas pressure CJp , density CJ , temperature CJT , and velocity CJu  in 

the CJ plane. It follows from Table 1 that the immediately behind the lead shock wave the 
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Table 1: Main characteristic parameters of fuelïair heterogeneous detonation 

Parameter D , 

m/s 

M sp , 

bar 

gs, 

kg/m
3
 

gsT , 

K 

gsu , 

m/s 

CJp , 

bar 

CJ , 

kg/m
3
 

CJT , 

K 
CJu , 

m/s 

Value 1800 5.3 35 7.2 1680 300 18 2.2 2800 980 

 

differences in phase velocities gsgsds uDuuu  and temperatures 

0dgsdsgs TTTTT  attain very high values: approximately 1500 m/s and 1400 K, 

respectively. As mentioned above, these differences become driving forces for intense 

interphase fluxes of mass, momentum, and energy. 

When studying the heterogeneous detonation, we usually deal with initially 

nonuniform polydispersed drop suspensions. Drop suspensions are characterized with the 

local liquid density d , drop number density dn , and drop size distribution function dg . By 

definition, the local liquid density is given by derivative dVdmld / , where lm  is the mass 

of dispersed liquid and V  is the volume. In general, the values of 0d , 0dn , and 0dg  as well 

as d , dn , and dg  ahead and behind the heterogeneous detonation wave, respectively, are 

the functions of time t  and Cartesian coordinates x , y , and z  due to various physical 

processes (drop dispersion in the flow, gravitational sedimentation, vaporization, aerodynamic 

breakup, etc.). At known d  and dn , one can readily determine the local instantaneous mass-

mean drop radius dr : 

 
3/13/1

4

3

d

d

d
d

n
r      (1) 

 

where d  is the drop material density. The first term in the right-hand side of Eq. (1) is 

nothing else as the local instantaneous mean radius R of the spherical gas volume attributed 

to each droplet in the suspension:  

 
3/1

d

d
drR       (2) 

 

Reactive sprays and drop suspensions are more frequently characterized by the local 

instantaneous equivalence ratios 0  and  ahead and behind the heterogeneous detonation 

wave, respectively. The equivalence ratio  is defined as  

 

gst

d       (3) 

 

where g  is the local instantaneous gas density and st  is the stoichiometric fuel ï air ratio. 

In terms of the equivalence ratio, Eq. (2) can be rewritten in the form: 
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3/1

stg

d
drR       (4) 

 

For liquid hydrocarbon fuels, 800700d  kg/m
3
. Therefore, for locally stoichiometric 

mixtures ( 1, 06.0st ) immediately behind the lead shock wave of the heterogeneous 

detonation, where 2.7gsg  kg/m
3
 (see Table 1), the mean radius of the gas volume 

attributed to each drop is about drR 12 . Taking into account that shock-induced breakup of 

drops results in the formation of dense clouds of microdrops with local instantaneous 

equivalence ratios 1, we come to the conclusion that the rational theory of 

heterogeneous detonations must include ñscreeningò effects of neighbor drops on the 

interphase mass, momentum, and energy exchange. 

To model the screening effects, we will follow the approach suggested in [18, 19]. For 

the sake of simplicity, this approach is demonstrated below for a spatially uniform and 

monodisperse drop suspension in air at conditions with no gravity and forced convection. For 

 

Rc

( )b( )a   

 
(c) 

Figure 2: Elementary cell for the uniform monodisperse drop suspension. Black circles 

denote drops. Circumferences around drops characterize the spread of diffusion fluxes from 

individual drops. (ʘ) Spray effects are absent; (b) spray effects manifest themselves. Dashed 

line bounds the elementary cell with zero mass and energy fluxes through its surface; cR  is 

the characteristic cell size (half-distance between drops; (c) three-dimensional elementary cell 

in the form of regular polyhedron with 20 faces 
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such an idealized suspension, one can construct an elementary cell in the form of hexahedron 

(in the planar case, see Figs. 2a and 2b) or polyhedron with faces in the form of equilateral 

triangles (in three-dimensional (3D) space, see Fig. 2c). This cell represents exactly the 

volume of gas attributed to each drop in the suspension. Clearly, due to symmetry 

considerations, mass, momentum, and energy fluxes through the polyhedron faces must be 

zero, therefore drop behavior in such a suspension can be modeled by solving the governing 

conservation equations for a single drop with symmetry boundary conditions at the faces. As 

shown in [19] based on 3D simulation of laminar flow pattern around an evaporating drop, the 

polyhedron cell can be approximated with an elementary sphere of radius R given by Eqs. (2) 

or (4). In this case, the 3D problem is reduced to 1D formulation with zero-flux boundary 

conditions at the surface of the elementary sphere. With some reserve, a similar approach can 

be locally applied to the nonuniform and polidisperse drop suspensions [19]. 

2.2 Drop motion 

The motion of a single spherical drop is usually modeled by the equation  

 

                        )(
2

1
dgdgg

d

d
D

d uuuu
m

A
C

dt

du
          (5) 

 

with 

 

3

3687.0

10Re44.0

10Re)Re15.01(
Re

24

d

dd
dDC  

      0)0( dd uu  

 

where du  is the drop velocity and 0du  is its initial value, gu  is the gas velocity, DC  is the 

aerodynamic drag coefficient, dA  is the drop mid-section area, dm  is the drop mass, and 

dRe  is the drop Reynolds number determined as  

 

g

ddgg
d

ruu2
Re      (6) 

 

( g  is the dynamic viscosity of gas). Equation (5) can be approximated by the equation  

 

u

dgdg uu

dt

uud
 

 

where u  is the characteristic time of drop deceleration. For a spherical drop of radius dr , 

2
dd rA  and ddd rm 3

3

4
, where d  is the density of drop material, and u  is given by: 
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Table 2: Estimated values of the characteristic time u  of single spherical drop deceleration 

behind the detonation front 

ɛm,dr  2.5 5 10 25 50 

ɛs,u  1.1 2.2 4.5 11.2 22.5 

 

 

 

 
Figure 3: Absolute velocity distributions for the three-drop ensemble at different Reynolds 

numbers: from top to bottom Re = 500, 50, and 5 

 

dgD

d

g

d
u

uuC

r

3

8
 

 

Table 2 shows the estimated values of u  for the conditions immediately behind the 

lead shock wave of the heterogeneous detonation for single drops of different size. The 

estimations are based on the data of Table 1 assuming that DC = 0.44 and 800d  kg/m
3
. 

Clearly, the characteristic deceleration time for small individual drops with dr 10 ɛm is 

very small: u< 5 ɛs. 

The presence of neighbor drops may lead to considerable modification of drop motion, 

particularly in dense suspensions when the distance between drops is on the order of several 

drop diameters. As an example, Fig. 3 shows the effect of the steady-state flow Reynolds 

number Re on the velocity field around three spherical drops. One can see that the wakes 

behind drops can be very long and the decrease in the Reynolds number (for example, due to 
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drop deceleration behind the lead shock wave) can result either in vanishing or incipience of 

drop wake interactions. In these circumstances, for adequate modeling of drop motion one has 

to use the local instantaneous approach stream velocity for each drop rather than the 

undisturbed flow velocity upstream of the drop ensemble. 

2.3 Drop deformation and breakup 

Breakup of drops and sprays is recognized to be one of the major factors contributing to 

heterogeneous detonation of liquid fuels in air. Drastic reduction of the drop size and increase 

in the specific surface of evaporating microdrops (that may be of an order of magnitude) 

highly intensifies mass transfer.  

As follows from physical reasoning and dimensional analysis, breakup is governed by 

the following basic dimensionless numbers representing ratios of the forces: aerodynamic 

force to surface tension or Weber number /)(2We 2
g gdd uur , aerodynamic force to 

viscous force in the gas phase or Reynolds number Re given by Eq. (6), and viscous force to 

surface tension in the liquid phase or Ohnesorge number 2/1)2/(Oh ddd r , where d  is 

the dynamic viscosity of liquid and  is the liquid surface tension. Ohnesorge number comes 

into play when viscosity of liquid is high therefore, when breakup of such inviscid liquids as 

hydrocarbons for which Oh  0.1 are considered, its effect on mass transfer can be neglected 

[18, 22].  

As far as detonation waves spreading in sprays are concerned, the characteristic Weber 

numbers immediately behind the lead shock wave exceed 10
4
 for the drops of initial radius 

0dr 6ï7 ɛm. This means that the main drop breakup mode is most probably the 

combination of stripping, RayleighïTaylor instability, and ñexplosiveò modes [18]. These 

modes produce two sorts of secondary drops: micromist, as a result of disintegration of the 

stripped sheet, and larger drops arising after perforation of the parent drop with gaseous 

ñfingersò due to RayleighïTaylor instability and disintegration of the perforated disc. The 

larger drops in their turn can further disintegrate to form micromist. Breakup modes inherent 

in lower Weber numbers are important at transition from deflagration to a detonation. 

However, these modes do not result in such a dramatic increase of the evaporating surface 

area as do the stripping, RaileighïTaylor instability, and ñexplosiveò modes.  

The representative time of drop deformation and breakup is 

gdgdd uurt /)/(2* 2/1 ; therefore, for convenience the total breakup time is usually 

expressed in *t  units [18]. The characteristic breakup time b  for the drops of low-viscosity 

liquid hydrocarbon fuels in the heterogeneous detonation is known to be less than *5t  [18]. 

Table 3 shows the estimated values of b  for the conditions immediately behind the lead 

shock wave of the heterogeneous detonation for drops of different initial radii 0dr . For 

relatively small drops with ɛm500dr , time b  is seen to be less than 3ï4 ɛs. This means 

that such drops experience aerodynamic deformation and breakup nearly immediately behind  

 

Table 3: Estimated values of the characteristic time *t  of single drop breakup behind the 

detonation front 

ɛm,0dr  10 25 50 100 250 

ɛs,b  < 0.7 < 1.7 < 3.5 < 7.0 < 17.5 
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Figure 4: Water drop ( ɛm150  in radius) shattered behind a Mach 2.4 shock wave at 

*1.3 tt . Initial air pressure is 1 atm 

 

the lead shock wave producing the micromist of secondary droplets. The mean radius of 

micromist droplets mr  is about 01.0~ dm rr  [18].  

Note that photographic studies fail to provide information about the state of the 

material in the drop wake because of strong light scattering by dispersed material. Even X-ray 

diagnostics [25] furnishes data on the overall density of the mixture saying nothing about the 

structure and aggregate state of the mixture. Figure 4 shows a photograph of a shattered water 

drop of initial radius ɛm1500dr  in the air flow induced by a shock wave of Mach 

number 2.4 at time *1.3 tt  [22]. The totally opaque wake of the drop consists of the 

micromist droplets. The amount of air entrained in the wake is estimated at about 450 

volumes of the original drop. If it were a hydrocarbon drop, rather than the water drop, the 

equivalence ratio  averaged over the wake would be about 5, i.e, the suspension would be 

highly rich with fuel. 

2.4 Drop vaporization 

The characteristic vaporization time v  of a single spherical microdrop in the wake of a 

disintegrated parent drop can be estimated based on the well-known d
2
-law:  

 

K

rm
v

24
      (7) 

 

where K  is the vaporization constant depending on temperature and pressure. A similar d
2
-

law is applicable to drop combustion, and the corresponding constant is referred to as the 

combustion constant. As a matter of fact, the combustion constant is close to the vaporization 

constant under conditions when the ambient gas temperature is equal to the fuel combustion 

temperature. At atmospheric pressure, the combustion constant for relatively large n-heptane 

drops ( ɛm50dr ) is 7.0K  mm
2
/s [26]. Both vaporization and combustion constants are 

known to decrease with pressure [27]. Thus, for obtaining an underestimated v  values at 

conditions behind the lead shock wave of the heterogeneous detonation (Table 4) one can use 

the value of 7.0K  mm
2
/s.  

As is seen from the comparison of Table 4 with Tables 3 and 2, the characteristic 

times of micromist droplet vaporization satisfy the condition: 

 

bv , uv , and bu     (8) 

 

Note that the estimates for v , b , and u  were made for a single drop. As a matter of fact, 

the behavior of droplets in the wake of a  disintegrated  parent  drop  depends  on  the  spacing 
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Table 4: Estimated values of the characteristic time v  of single spherical drop vaporization 

behind the detonation front 

ɛm,mr  2.5 5 10 25 

ɛs,v  > 36 > 143 > 570 > 3570 
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Figure 5: Predicted time histories of a normalized squared radius of the vaporizing n-heptane 

drop (a) and gas temperature (b) for the conditions simulating those behind the lead SW in the 

heterogeneous detonation. Initial drop radius is 5 m, initial air pressure and temperature 

ahead of the detonation are 1 bar and 293 K, respectively. The indicated values of  in the 

micromist cloud correspond to the following values of d : 0.0012 to 0001.0d , 

1.2 to 1.0d , 2.4 to 2.0d , 3.6 to 3.0d , and 12 to 0.1d  

 

between neighbor particles. The analysis of microdrop vaporization in such dense suspensions 

indicates [19] that drop lifetime v  increases as compared to the isolated drop in an 

unconfined atmosphere. For example, Fig. 5 shows the results of calculations of 5-micron n-

heptane drop vaporization behind the lead shock wave of the heterogeneous detonation at 

different equivalence ratios  in a uniform monodispersed suspension in terms of the a 

normalized squared radius 
2

0)/( mm rr  (Fig. 5a) and gas temperature gT  (Fig. 5b). One can 

see that the conservative estimate of drop lifetime in Table 4 is quite reasonable. The reasons 

for the increase in the drop lifetime in the suspension with  as compared to a single drop 

(curves for 0.0012 in Fig. 5) are the gas temperature decrease due to liquid vaporization 

and saturation of the interdrop space with liquid vapor. As for the characteristic parent-drop 

breakup time b , it is known to be not much dependent on the drop spacing [28].  

Note that the characteristic drop deceleration time u  in the micromist cloud is 

affected by the parent-drop breakup time b  as during this time the micromist cloud is 

attached to the relatively large parent drop. Despite these effects, the general validity of the 

estimates (8) seems doubtless. 
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2.5 Drop ignition 

When the micromist fuel drops are subjected to high-temperature air behind the lead shock 

wave they can autoignite after a certain time period referred to as the ignition delay i . 

Figure 6 shows the predicted time histories of temperature around a quiescent n-heptane drop 

in a micromist wake with different equivalence ratio  for the conditions simulating those 

behind the lead shock wave in the heterogeneous detonation (see Table 1). The micromist 

drop radius is taken equal to mr =5 m. The calculation was made using the approach 

described in [6, 7].  

It is seen that the localized autoignition of fuel vapor occurs at a certain distance from 

the drop surface. At the ignition location, the fuel vapor and oxygen concentrations are 

considerably smaller than at the drop surface and at a large distance from the drop, 

respectively. The ignition delay i  is defined as the time taken for the maximum rate of local 

temperature rise to attain a preset value of maxT  10
7
 K/s. The results in Fig. 6 indicate that 

the ignition delay ɛs3i  and does not depend on  within a wide range, from = 0.0012 
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Figure 6: Predicted time histories of temperature at autoignition of an n-heptane drop in 

micromist with  0.0012 (a), 1.2 (b), 3.6 (c), and 12.0 (d) for the conditions simulating 

those behind the lead SW in the heterogeneous detonation. Initial drop radius is 5 m, initial 

air pressure and temperature ahead of the detonation are 1 bar and 293 K, respectively 
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Figure 7: Predicted time histories of temperature around an n-dodecane drop in micromist 

with  1.2 (a) and 4.8 (b) for the conditions simulating those behind the lead SW in the 

heterogeneous detonation. Initial drop radius is 5 m, initial air pressure and temperature 

ahead of the detonation are 1 bar and 293 K, respectively 

 

to 12 and even more, despite the fact that the mean gas temperature behind the lead shock 

wave sharply decreases with  (see Fig. 5b). All other rational definitions of i  led to very 

similar results. The important fact that i  does not depend on  is explained by the local 

nature of autoignition which occurs far earlier than the screening effects of neighbor drops 

come into play. To demonstrate it, we have plotted in Fig. 6 an instantaneous half-distance 

between drops at the ignition instant. It is worth to point out that autoignition only starts the 

energy release process in the heterogeneous detonation. Further development of reaction in 

the space between drops will certainly depend on .  

Drops of higher hydrocarbons have longer ignition delays [6, 7] mainly due to lower 

vapor pressure. For example, a similar calculation for an n-dodecane drop resulted in 

ɛs13i  (Fig. 7). It is worth noting that Table 1 presents only the characteristic values of 

parameters in the heterogeneous detonation. One has to keep in mind that the detonation 

velocity, and therefore the lead shock-wave parameters, depend on . This fact will also 

contribute to the ignition delay. Thus, in addition to Eq. (7), these examples indicate that 

 

iv  and ui      (9) 

2.6 Drop combustion 

After ignition, the cloud of very fine droplets in the wake of a disintegrated parent drop can 

burn in the diffusion controlled regime. In view of this, laminar droplet burning can be one of 

the contributors to the overall heat release behind heterogeneous detonations because the 

droplets in the micromist cloud move at nearly the same velocity as does the gas. 

As mentioned above, the mixture in the shattered drop wake is essentially fuel rich. 

Similar to vaporization, combustion in dense drop suspensions is sensitive to the local 

instantaneous liquid density d  or local instantaneous equivalence ratio . The lifetime of 

burning drops increases with ū. Moreover, the temperature in the interdrop space behaves 

very different from that typical for the isolated drop, other conditions being equal.  
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Figure 8: Predicted time histories of temperature at combustion of an n-heptane drop in air 

suspension with  0.0012 (a), 1.2 (b), 3.6 (c), and 12.0 (d) for the conditions simulating 

those behind the lead SW in the heterogeneous detonation. Initial drop radius is 5 m, initial 

air pressure and temperature are 1 bar and 293 K, respectively 

 

For example, Fig. 8 shows the calculated temperature profiles around an n-heptane 

drop with ɛm5mr  burning in the micromist wake with different values of equivalence ratio 

 at the conditions simulating those behind the lead shock wave in the heterogeneous 

detonation (see Table 1). As seen, the temperature between drops in dense suspensions 

(Figs. 8b to 8d) is considerably higher than around an isolated drop (Fig. 8a). For the isolated 

drop the gas temperature falls down from the flame temperature to the ambient temperature. 

In the fuel-rich micromist, only a part of fuel is burned and the remaining fuel is vaporized 

and accumulated in the interdrop space together with hot combustion products. As the 

temperature in the interdrop space is high, fuel vapor can partly decompose to more reactive 

intermediate species. In the heterogeneous detonation wave, with thermal expansion of the 

burning micromist cloud and turbulent dispersion of micromist particles, available oxidizer 

can be entrained into the cloud giving rise to high rates of gas-phase chemical conversion.  
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3. Mathematical formulation 

3.1 General Remarks 

The above estimates of the characteristic times of various physical and chemical phenomena 

inherent in the heterogeneous detonations indicate that the energy release in the detonation 

wave is mostly affected by the duration of combustion of micromist droplets in the wake of 

disintegrated parent drops. Keeping in mind that according to Table 3 the drops of initial 

radius ~0dr 100 m and smaller disintegrate completely during the characteristic time b  

less than 7 ɛs and the micromist droplets of radius 01.0~ dm rr  exhibit the characteristic 

deceleration time U  less than 5 ɛs (see Table 2), one can neglect (in the first approximation) 

the durations of parent drop breakup and micromist drop deceleration processes. In this 

approximation, the lead shock wave of the heterogeneous detonation ñinstantaneouslyò 

converts the drops of radius 0dr  to micromist drops of radius 01.0~ dm rr . Moreover, the 

micromist drops ñinstantaneouslyò decelerate to the gas velocity gsu . In view of it, only the 

difference in phase temperatures, 0dgsdsgs TTTTT  appears to be the driving force 

determining the interphase mass and energy exchange in the heterogeneous detonation wave. 

Furthermore, since the relationship 01.0~ dm rr  provides only a rough estimate for the 

micromist drop radius, there is apparently a sense to study the heterogeneous detonations of 

monodisperse rather than polydisperse drop suspensions. Despite this approximation does not 

take into account possible initial effects caused by convective heat and mass transfer between 

phases as well as secondary breakup of micromist drops and their size distribution, it takes 

into account an intrinsically important feature of heterogeneous detonation that is the 

localized two-phase mixture ignition and combustion under conditions of micromist cloud. 

The effect of the velocity slip between phases can be taken into account at later stages of the 

research by introducing correction factors to interphase heat and mass fluxes. 

Thus, in this paper, we consider a stationary 1D detonation wave propagating in a 

uniform monodispersed suspension of hydrocarbon fuel drops in air at initial pressure 0p  and 

initial temperatures of phases 00 dg TT . Figure 9 shows the schematic of the heterogeneous 

 

 
Figure 9: Model of the heterogeneous detonation in fuel drop suspension 


