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The steady propagation of the one-dimensional detonation wave in heptane/air sprays was computationally
studied using detailed chemistry, with emphasis on the effects of droplet heating, vaporization, and drag, as well
as momentum and heat loss on the detonation velocity and quenching. Results show strong coupling between
these processes and the detonation response, leading to a variety of interesting phenomena such as drag-induced
concentration of droplets; interference of thermal runaway by cooling due to droplet vaporization; one-stage vs
two-stage ignition; chemical heat release controlled by either Arrhenius kinetics or droplet vaporization; internal
vs external loss in causing quenching; nonlinear feedback between integrated loss, chemical heat release, and
detonation velocity that is responsible for quenching; and the strong influence of the postshock specific heat of the
fuel vapor. Consequently, we show that there exist optimum droplet sizes for higher detonation velocities and wider
quenching limits and that, depending on the droplet size, higher droplet loading of the spray can also promote
detonation propagation and extend its quenching limits.

Introduction

W HILE much has been learned about the initiation and steady
propagation of spray detonations,1−4 corresponding studies

on quenching have been relatively few. It is well established that,
when there is no loss of energy or momentum, the Chapman–Jouget
(CJ) detonation velocity is independent of the detonation structure
and is determined by the initial conditions alone.5 Furthermore, the
adiabatic CJ velocity of spray detonation is only slightly lower than
that of the corresponding gaseous detonation.6 However, when loss
occurs, the velocity deficit can become substantial and an analysis
of the detonation structure is required for the determination of the
detonation velocity.7 In particular, detonation in a gaseous mixture
with loss was numerically studied using detailed chemistry8 and
analyzed with a one-step overall reaction.7−10 Sources of loss in-
clude the friction and heat loss, and the curvature effect for a freely
expanding wave. Results showed that the reduction in detonation
velocity is proportional to the induction length and the extent of
the loss during the induction period preceding the state of ignition
runaway. Characteristic extinction turning points were obtained,7

yielding a definitive identification of the state beyond which steady
propagation of the detonation is not possible.

The effects of the induction length and loss on detonation in sprays
are expected to be more complex due to the additional processes of
droplet drag, heating, and vaporization. Sichel and coworkers11,12

analyzed the one-dimensional structure of two-phase detonations
with heterogeneous burning, whereas Ju and Law10 studied two-
phase detonation quenching with substantial particle heating and
loss. For spray detonation, the high volatility of the liquid can render
strong coupling between vaporization and ignition runaway in that
the vaporization process simultaneously lowers the temperature of
the induction region and enriches it with fuel vapor.13,14 The former
tends to retard the chemical reaction and increase the induction
length whereas the latter facilitates ignition. It is also of interest to
distinguish between loss processes that are internal and external to
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the spray interior. The “loss” from the gas phase due to droplet drag,
heating, and vaporization will be returned to it when the droplets
are completely vaporized and, as such, can be considered to be
internal loss.15 On the other hand, momentum and heat loss to the
environment and incomplete vaporization beyond the sonic state are
external and hence permanent. As a result, the effects of droplet drag
and vaporization on the detonation velocity and quenching limit can
be quite different from those due to the external loss.

Recognizing the importance of droplet vaporization on spray det-
onation through its coupling with chemistry, in the present work we
have computationally solved the structure of the one-dimensional,
steady heptane/air spray detonation with simultaneous determina-
tion of the detonation velocity and the state of quenching. We are
particularly interested in the dependence of these responses on the
various spray parameters such as droplet size, loading, number den-
sity, drag, and vaporization rate. In our exploration we aimed to be
reasonably realistic with respect to the thermochemical aspects of
the detonation process. Heptane was chosen as the fuel for demon-
stration in the present study because of its relatively well-developed
gas-phase chemistry and phase-change properties. Furthermore, de-
tailed chemistry was used in the simulation so that the ignition
length of the postshock mixture for various postshock temperatures
and pressures can be quantitatively predicted with reasonable con-
fidence. On the other hand, we will not include supercritical “gasi-
fication” under high initial and, hence, postshock pressures so that
the postshock environment is sufficiently subcritical. Furthermore,
we shall restrict the initial droplet sizes to sufficiently small values
so that we do not need to consider droplet distortion and shattering.
Suffice it to note that the initial pressure used in the present simu-
lation, 0.5 atm, is realistic for aeroengine applications and is close
to atmospheric pressure, under which most explosions take place.
Regarding the initial droplet size, we have restricted it to at most
20 µm, noting the observation of Eidelman and Burcat16 that shat-
tering occurs for droplet diameters between 50 and 800 µm. Finally,
we do not consider the cellular structure of the detonation, recogniz-
ing that a simulation of this nature would bring our computational
effort to a much higher level of involvement, which would require
the concomitant simplification of other aspects of the model such
as chemistry. Furthermore, useful information can be gained from
a one-dimensional analysis of the present nature, as exemplified
by Zeldovich’s gas-phase analysis of the quenching of the gaseous
detonation,7 as well as most theoretical studies on detonation.

We also note that, although the problem can be studied in a tran-
sient manner, tracking the initiation of a detonation wave through
droplet spray or film with vaporization, drag, heat loss, and de-
tailed chemical reaction as was done in Refs. 3 and 4, the present
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Fig. 1 Schematic of the spray detonation problem analyzed.

steady-state analysis allows a more compact investigation of the
influence of the various parameters on the system detonability.

Formulation
The problem being analyzed is schematically shown in Fig. 1.

In the one-dimensional detonation stationary frame, a monodis-
perse spray of initial temperature T1, pressure p1, (total) fuel-to-
air equivalence ratio φ, and droplet radius rd,0 passes through an
infinitesimally thin shock. The initial droplet number density nd,0

can be readily calculated given the preceding parameters. The initial
mass fraction of the liquid fuel to the total fuel is designated by the
droplet loading parameter α. Upon crossing the shock, the droplets
are dragged to slow down from their initial velocity D, which is the
detonation velocity, and also start to vaporize. Individual droplet
burning is not expected because of the very small droplet sizes of
interest,17 and droplet–droplet or droplet–wall collision and possible
coalescence are not considered. Chemical reaction therefore takes
place only in the bulk gaseous medium, downstream of the shock,
and runs away after an induction period.

The detonation wave loses momentum and energy to the envi-
ronment. Consequently, in the shock-stationary frame, the wall and
droplets drag the flow while heat loss tends to decelerate it. With suf-
ficiently strong loss, chemical runaway cannot accelerate the flow
to the sonic state and steady propagation is not possible. Because
the analysis is a steady-state one, the solution yields the detonation
velocity D when steady propagation is thermochemically possible.
The state beyond which such propagation is not possible then yields
the state of quenching.

The steady-state governing equations for mass, droplet size,
droplet number density, species, momentum, and energy for the
planar detonation wave in a single-fuel, monodisperse spray are
given by
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where hg, f = hg, f (Td) and Td is the droplet temperature, which is
assumed to be uniform. Furthermore, ρ is the density; u is the veloc-
ity relative to the shock; nd is the droplet number density; rd is the
droplet radius; ṁv is the volumetric mass vaporization rate of the
droplets; Y is the mass fraction; ω is the molar reaction rate; W is
the molecular weight; fd is the droplet drag; fw is the external drag
force; D is the detonation velocity; qw is the external heat loss; qd is
the heat flux for droplet heating; h is the enthalpy; and the subscripts
g, d, K , k, and f denote properties of the gas phase, properties of
the droplet, the total number of species, the kth species, and the fuel,
respectively.

The preceding equations are to be solved subject to the following
auxiliary relations:
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where cp is the specific heat; Rg is the universal gas constant; CD,d

is the drag coefficient13; Pr is the Prandtl number; l∗ is the char-
acteristic length; CD,W and CH,W are the momentum and heat loss
coefficients, respectively; and Re is the Reynolds number.

In specifying the droplet vaporization process, we note that, be-
cause of the high temperature and pressure of the postshock state,
droplet heating is expected to be important. Furthermore, the high
postshock pressure and the low droplet temperature immediately
downstream of the shock imply the potential of fuel vapor con-
densation onto the droplet. As such, the droplet vaporization, con-
densation, and heating processes need to be described reasonably
realistically17 instead of following the simple d2-law with a constant
gasification coefficient. Consequently, droplet heating and vaporiza-
tion are described by the following relations:
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(18)

Y f,s = Y f,s(p, Td) (19)

where the subscript s denotes the droplet surface, L denotes the
latent heat of vaporization, and Dg denotes the mass diffusivity of
the gas. It is seen that the droplet vaporization rate is controlled by
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the vapor pressure gradient and heat flux at the droplet surface. In
the droplet heating stage, BY is smaller than BH , and the heat flux
qd is used for both vaporization and droplet heating. Toward the end
of the droplet heating period, BY approaches BH and qd is almost
totally used for vaporization. Equation (19) relates the surface vapor
pressure with the droplet temperature, and in the present study is
given by the Antoine equation18:

log10(p f,s) = A − B/(Td + C) (20)

where p f,s is the fuel vapor pressure at the droplet surface, and A, B,
and C are empirically determined constants. Finally, the fuel mass
fraction Y f,s and p f,s are related through

Y f,s = X f,s W f

X f,s W f + (1 − X f,s)W̄g, f̄

, X f,s = p f,s

p
(21)

where W̄g, f̄ is the mean molecular weight of the gaseous mixture
without the fuel.

We note in passing that an alternate model for droplet heating
was presented in Ref. 19, which requires further modeling of the
Nusselt number for the determination of the droplet heating flux.
Furthermore, although the accuracy for the vaporization rate for
small droplets could be improved by accounting for nonequilib-
rium effects,20,21 the equilibrium model in Eqs. (16–21) is consid-
ered sufficient for the present study considering the uncertainty in
other aspects of the problem such as chemistry, drag, and droplet
dispersion.

From the governing equations of motion, evolution of the flow
variables is given by
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where M and Wg are the Mach number and average molecular
weight of the gas mixture, respectively.

The parameter S in the numerator of Eq. (22) consists of the
energy source/sink terms due to wall drag, wall heat loss, droplet
drag, droplet heat loss, and vaporization, respectively, as well as
the chemical reaction term, which is the same as that in gas-phase
detonation.22 The detonation velocity D is the eigenvalue of this
problem and can be obtained by matching the sonic point (M → 1)
and the point where all energy source terms balance (S → 0), which
constitutes the downstream boundary condition.7

Since all the parameters of the mixture ahead of the shock are
known, the postshock parameters can be solved using the normal
shock relations, with the assumption that the droplets maintain the
same velocity and temperature in crossing the shock:

ρg,1ug,1 = ρg,2ug,2 (30)
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g,2 (31)
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where the subscripts 1 and 2 respectively denote parameters be-
fore and immediately after the shock. The postshock parameters are
used as the initial conditions of the preceding ordinary differential
equations.

Results and Discussion
The preceding equations were solved numerically with a de-

tailed reaction mechanism consisting of 41 species and 266 ele-
mentary reactions.23 The parameters in Eq. (20) are A = 4.02832,
B = 1268.636, C = −56.199, with Td and p f,s having the units of
K and bar, respectively18; Le and Pr were set to 1 and 0.72, respec-
tively. The characteristic length l∗ can be selected as the area-to-
perimeter ratio of the cross section of a pipe, a duct, or a channel.
Such a characteristic length allows the wall drag to be averaged on
the cross section for practical one-dimensional approximation. In
the calculations that follow, the characteristic length for a typical
tube diameter of 3.81 cm is used such that the quenching behavior
can be readily observed for normal loss coefficients. The results can
be readily converted to those of other sizes and geometries by map-
ping the momentum and heat loss coefficients through the following
relations:

CD,W

/
l∗ = CD,W

/
l∗′

, CH,W

/
l∗ = CH,W

/
l∗′

(33)

Extensive exploration of the various parameters and subprocesses
of the spray detonation structure and propagation showed that two
aspects of the detonation dynamics are rather interesting and not
readily anticipated, namely the effects of droplet size and prevap-
orization on detonation propagation and quenching. They are dis-
cussed in the following.

Effects of Droplet Size
The dependence of the computed detonation velocity on the mo-

mentum loss coefficient is shown in Fig. 2 for different droplet
sizes and heat loss coefficients, with the initial conditions being
T1 = 298.15 K, p1 = 0.5 atm, φ = 1, and α = 1. The heat loss coef-
ficients are CH,W = 0 and 0.01 for Figs. 2a and 2b, respectively.

Figure 2a shows that, as the drag coefficient approaches zero
such that the system becomes lossless and corresponds to the CJ
limit, the detonation velocity becomes progressively independent
of the droplet size. Since droplet drag and heating still occur for
vanishing momentum loss, the present result that the detonation
velocity approaches the CJ velocity substantiates the concept that
these “loss” processes are internal to the spray. That is, the loss is
local and is recaptured by the gas as long as droplet vaporization is
completed before the sonic point. Consequently, internal loss alone
cannot extinguish a detonation wave.

When momentum loss to the environment is allowed, this “ex-
ternal” loss prolongs the ignition delay.7 The lengthened ignition
delay then leads to a corresponding increase in the integrated loss.
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a)

b)

Fig. 2 Dependence of detonation velocity on momentum loss coeffi-
cient and droplet size for stoichiometric heptane/air spray mixture,
with liquid fuel loading (defined as the fraction of total fuel in liquid
phase) α= 1, initial temperature 298.15 K, and initial pressure 0.5 atm:
a) CH,W = 0; b) CH,W = 0.01.

This reduces the detonation velocity, weakens the shock strength,
and further increases the ignition delay. It is then clear that this
nonlinear feedback mechanism could lead to detonation quenching.
Consequently, for a given droplet size, the detonation velocity (on
the upper branch of the solution curve) decreases with increasing
drag coefficient until the wave is quenched at the turning point of
the response curve, in accordance with the concept of Zeldovich7 in
identifying the turning point as the state of quenching.

The presence of droplet vaporization cools the gas and thereby
further aggravates and sensitizes the ignition kinetics. However, un-
like the case of particle-laden detonation,9 for which the extent of
reduction in detonation velocity increases monotonically with de-
creasing particle size, the variation is nonmonotonic for spray deto-
nation. The quenching limit as indicated by the state of the turning
point also shows a nonmonotonic dependence on the droplet size.
Specifically, it is seen that, for a fixed momentum loss coefficient,
the detonation velocity first increases as the droplet size increases,
reaches a maximum value at a certain droplet size, and then de-
creases as the droplet size further increases. Approaching the limit
of large droplet size, it is expected that the detonation velocity will
decrease monotonically as the droplet size increases, as observed in
previous experiments for droplet sizes of the order of hundreds of
micrometers.24

A similar result is shown in Fig. 2b for nonadiabatic situations,
with CH,W = 0.01. It is seen that the quenching limits for the nona-
diabatic curves in terms of, say, the momentum loss coefficient are
much lower than those of the adiabatic cases due to heat loss to

Fig. 3 Dependence of detonation velocity on droplet size with different
momentum loss coefficient and wall heat loss coefficient, for stoichio-
metric heptane/air spray mixture, with liquid fuel loading α= 1, initial
temperature 298.15 K, and initial pressure 0.5 atm.

Fig. 4 Dependence of quenching momentum loss coefficient and the
corresponding detonation velocity at the quenching point on droplet
size, for stoichiometric heptane/air spray mixture with different heat loss
coefficients, for liquid fuel loading α= 1, initial temperature 298.15 K,
and initial pressure 0.5 atm.

the wall. Furthermore, while detonation for droplet size less than
3 µm is beyond the quenching limit for the moderate momentum
loss coefficient of 0.01, propagation is facilitated for mixtures with
larger droplet sizes.

The aforementioned nonadiabatic behavior is demonstrated more
clearly in Figs. 3 and 4. Specifically, Fig. 3 shows the nonmonotonic
variation of the detonation velocity with the droplet size for various
momentum and heat loss coefficients, demonstrating the existence
of an optimum droplet size for maximum detonation velocity. Figure
4 plots the detonation velocity and the corresponding momentum
loss coefficient at the quenching state, designated by the subscript
ext, and again shows the nonmonotonic variation as well as the
existence of an optimum droplet size for enhanced detonability.

The reason for this nonmonotonic response is shown in Figs. 5
and 6, in which the detonation structure in terms of the gas temper-
ature and the droplet number density, size, and vaporization rate for
different initial droplet sizes are compared. We first consider small
droplets, with initial diameter of 1 µm. It is seen in Fig. 6a that the
droplet number density continuously increases as the shocked gas
flows downstream, which has been observed in previous theoretical
and experimental work on spray and dust detonations.20,25 This in-
crease is caused by the drag acting on the droplet, rendering the flow
more concentrated with droplets as it travels downstream. This point
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a)

b)

Fig. 5 Steady-state detonation temperature profiles of different
droplet sizes for stoichiometric heptane/air spray mixture, with α= 1,
initial temperature 298.15 K, and initial pressure 0.5 atm, for fixed mo-
mentum loss coefficient CD,W : a) log variation in x axis, b) linear varia-
tion in x axis.

a)

b)

Fig. 6 Steady-state detonation profiles of droplet number density, vol-
umetric vaporization rate, and normalized droplet size, for stoichiomet-
ric heptane/air spray mixtures, at initial temperature 298.15 K, initial
pressure 0.5 atm, and droplet loadingα= 1, for droplet size a) d0 = 1µm,
and b) d0 = 10 µm.

is demonstrated in Fig. 5a, which shows that shortly downstream of
the shock some chemical reaction is initiated, as indicated by the
slight rise in the gas temperature. Since all the fuel is initially in
the form of droplets (α = 1), the amount of fuel participating in this
reaction is all supplied by droplet vaporization. However, due to the
increase in the droplet number density, the overall liquid vaporiza-
tion rate is greatly increased after the initial droplet heating stage
(Fig. 6a), causing a substantial cooling of the gas. Consequently,

chemical reaction is suppressed and this first-stage ignition fails.
The gas temperature then continuously decreases until the droplets
are completely vaporized. The gas phase then undergoes a second
ignition delay, under a lower temperature, and the ignition length
is extended exponentially as a consequence. Ignition is eventually
attained, as indicated by the temperature runaway.

Similar behavior is observed as the droplet size is increased to
d0 = 2.5 µm. Because the droplets experience a smaller drag effect,
they are concentrated at a later stage, leading to more fuel vapor-
ized and reacted and, hence, a larger increase in the gas temperature
(Fig. 5a). This first-stage ignition, however, still fails when cooling
due to vaporization being initiated. The second induction period is
nevertheless shorter because the gas starts out with a higher tem-
perature. The integrated external loss is then less, which results in
a higher detonation velocity.

When the droplet size is increased to d0 = 5 µm (Fig. 6b), the de-
celeration due to drag is very small and the first-stage thermal run-
away is already sufficiently advanced that it cannot be suppressed
by the cooling due to the concentrated vaporization. The first-stage
ignition is therefore successful, with reduced ignition length and in-
tegrated heat loss and, consequently, increased detonation velocity.
It is also of interest to note that the momentary dip in the vaporization
rate shown in Fig. 6b is due to the diminishment of its convective
augmentation, through the 0.276Re1/2 Pr 1/3 term in Eq. (16), as
the droplets travel almost in phase with the gas. Furthermore, the
eventual reduction in the droplet number density, compared to the
monotonically increasing trend for the 1-µm case, is due to the in-
crease in gas velocity with significant chemical heat release, causing
the droplet to lag behind the gas and, hence, diluting its concentra-
tion. The increased temperature due to thermal runaway is the major
reason for the second peak in the vaporization rate.

Further increasing the droplet size increases the ignition delay
again because vaporization becomes too slow such that the gas-
phase reaction is “choked” and limited by the rate of droplet vapor-
ization. This then leads to a fundamental change in the detonation
structure, as shown in Fig. 5b, which is the same plot as Fig. 5a
except the x variation is now linear to accentuate the differences in
the structure for small and large droplets. It is seen that although
the temperature increase is exponential-like for the small droplets,
indicating Arrhenius sensitivity of the reactions, it is more gradual
and in fact is somewhat linear for the larger droplets, indicating a
substantially milder sensitivity in the reaction rate. The reaction is
therefore choked for these situations, being controlled by the vapor-
ization rate. This is demonstrated in Fig. 7, in which development
of the local droplet loading ratio is plotted. It is seen that for smaller
droplets this ratio is less than unity, indicating the presence of fuel

Fig. 7 Variation of local liquid fuel loading, defined as the fraction of
total fuel in liquid phase, with the postshock space coordinate x, for dif-
ferent droplet sizes, with initial liquid fuel loading α= 1, initial temper-
ature 298.15 K, and initial pressure 0.5 atm (CH,W = 0 and CD,W = 0.02).
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vapor which is needed to support the gas-phase Arrhenius reaction.
However, for larger droplets, this ratio is basically unity, indicat-
ing the immediate consumption of any vapor that is released by the
droplets.

Returning to Fig. 2, it is seen that moderately large droplets (e.g.,
d0 = 10 µm) can sustain higher quenching limits. The reason is that
since the overall vaporization rate is now slower and, hence, exerts
a greater influence on the rate of fuel consumption, the heat re-
lease rate becomes less sensitive to temperature through Arrhenius
kinetics. This reduced sensitivity is substantiated by the extensive
range of linearlike dependence of the detonation velocity reduction
on the loss strength. Of course, when the droplet is too large (e.g.,
d0 = 20 µm), the “induction” length becomes excessively long and
quenching is facilitated due to the correspondingly significant in-
crease in the integrated loss.

Effects of Prevaporization
In the study of spray combustion there is always the interest of pre-

vaporizing the fuel under the belief that processes involving droplet
vaporization and burning would prolong the spray combustion time.
To investigate the effects of fuel prevaporization on detonability,
Fig. 8 shows the detonation velocity as a function of the momentum
loss coefficient for droplet sizes of 1 and 10 µm, with various lev-
els of liquid fuel loading, α. It is seen that, for the small droplet of
1 µm, prevaporization increases the detonation velocity and extends
the detonability limit for both adiabatic and nonadiabatic cases, al-
though the effect is relatively small. The reason for the facilitation
is the reduced time needed for postshock vaporization. For larger
droplets, however, this effect on the detonation velocity holds only
for small drag coefficients. As the drag coefficient increases, de-
pendence of the detonation velocity on the liquid loading varies
nonmonotonically.

To understand this interesting behavior, the detonation struc-
tures for three different cases are compared: no liquid loading
(α = 0), maximum liquid loading (α = 1) with small droplet size
(d0 = 1 µm), and maximum liquid load with large droplet size

a)

b)

Fig. 8 Dependence of detonation velocity on momentum loss coeffi-
cient and droplet loading α for stoichiometric heptane/air spray mix-
tures at initial temperature 298.15 K, initial pressure 0.5 atm, and for
droplet size a) d0 = 1 µm and b) d0 = 10 µm.

Fig. 9 Comparison of steady-state detonation structure of stoichio-
metric heptane/air spray mixtures for the case in which all the fuel is
initially in the gaseous phase (α= 0) and the cases in which all the fuel is
in the liquid phase (α= 1) but with different droplet sizes (1 and 10µm),
showing that the mixture with all liquid fuel has a higher postshock tem-
perature than that with all fuel in gaseous phase.

(d0 = 10 µm). Furthermore, it is important to account for the en-
ergy transferred from the gas phase to the latent heat of vaporization
in the course of prevaporization. The effect can be assessed in the
limits of isothermal and adiabatic freestreams, as follows.

We first study the isothermal situations, with T1 = 298.15 K.
Figure 9 shows that for the pure gaseous case (α = 0) the temper-
ature immediately downstream of the shock is about 100 K lower
than the other two cases of maximum loading. The 1-µm-droplet
case has a slightly longer induction length, compared to the gaseous
case, due to the fast vaporization and, hence, failure of the first-
stage ignition. However, the 10-µm-droplet mixture achieves run-
away substantially earlier than the other two situations because it
has a higher postshock temperature, as compared to the α = 0 case.
Furthermore, it also achieves runaway in the first ignition stage, as
compared to the 1-µm case. Whereas the influence of droplet size
on detonability has been explained in relation to Figs. 2, the cause
for the different postshock temperatures for different amounts of
liquid loading is identified as follows.

Figure 10 shows the normalized detonation Mach number, the
heat capacity of the gas mixture before and after the shock, and
the postshock temperature and pressure as functions of the liquid
loading, calculated by using Eqs. (30–32). Normalizations of the
Mach number and the specific heats are based on the states of the
pure gas. It is seen that the postshock temperature and pressure
exhibit opposite trends as the droplet loading changes, which cannot
be explained based on constant-γ normal shock relations. To explain
the higher p2 with less loading, we note that the presence of a
larger amount of vaporized fuel, which has a larger molecular weight
than air, would reduce the upstream speed of sound, increase the
shock Mach number, and consequently result in a greater degree
of compression and, hence, a higher p2. However, although the
stronger shock also tends to increase the postshock temperature T2,
the larger specific heat associated with the many degrees of freedom
of the larger fuel molecules has a greater effect on T2, causing a net
substantial reduction of this temperature. All of the preceding trends
are clearly shown in Fig. 10. The preceding computation results,
shown in Figs. 8–10, also agree with the experimental observation
in previous work that the detonation velocity of fuel fog may be
higher than that of the gas-phase detonation.26

Figure 11 shows effects of prevaporizations for an adiabatic up-
stream, using the enthalpy of the unvaporized case (α = 1) as fixed
values. It is seen that, for spray mixture with both small (d0 = 1 µm)
and large (d0 = 10 µm) droplet sizes, propagation of the steady det-
onation wave through an adiabatically prevaporized mixture is only
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Fig. 10 Dependence of detonation Mach number, specific heat of gas
mixture before and immediately after shock, temperature, and pres-
sure immediately after shock, on droplet loading α for fixed detonation
velocity, with T1 = 298.15 K and p1 = 0.5 atm.

a)

b)

Fig. 11 Comparison of steady-state detonation structure of stoichio-
metric heptane/air spray mixtures for the cases in which all the fuel is
totally prevaporized (α= 0) in adiabatic and isothermal environment,
with the case in which all the fuel is initially in the liquid phase (α= 1)
as reference, showing that the steady-state detonation velocity and the
quenching limit only differ slightly between adiabatic and isothermal
prevaporization cases.

slightly faster than that through an isothermal one for small wall
drag coefficient. However, the quenching momentum loss coeffi-
cient for the adiabatic prevaporization case is only slightly smaller
than that of the isothermal case for both small and large droplet
sizes. The insensitivity of the detonation velocity to upstream adia-
baticity vs isothermicity is due to the cancellation of two opposite
effects. Specifically, by promoting isothermicity, the upstream tem-
perature is increased. This, on the one hand, tends to increase the

downstream temperature strictly due to shock jump considerations,
whereas, on the other hand, it weakens the shock strength due to
the increase in the speed of sound and, hence, decrease in the Mach
number. The net effect is therefore small. The same consideration,
though with opposite trend, can be extended to adiabatic situations.
This result therefore implies that the effects of prevaporization on
the detonability discussed earlier hold for isothermal, adiabatic, and
the intermediate situations.

Conclusions
Through the present study, we have come to appreciate the rich-

ness in phenomena offered by the various heterogeneous droplet
processes in spray detonation. Consequently we were able to iden-
tify, and explain, the possible existence of optimum droplet sizes
and loadings for enhanced detonation propagation and the exten-
sion of quenching limits. These phenomena are consequences of
the strong coupling among droplet size, vaporization, momentum,
and heat loss and, as such, they would not have been captured had we
made such conventional assumptions as in-phase velocities, d2-law
vaporization, and constant specific heats.

The present result, that there exists an optimum droplet size for
detonation propagation such that propagation may be inhibited by
both increasing and reducing the droplet size, is of particular interest.
In this regard we note that, in the case of dust detonation, it was
observed27 that for a given dust loading it was more difficult to
detonate a mixture with finer particle size. The reason given for this
observation is similar to the present one.

We further note that although the study was conducted for the one-
dimensional planar detonation in a tube which offers the crucial
loss mechanism, the understanding gained herein can be readily
transferred to the interpretation of the propagation and quenching of
freely propagating curved detonation waves, because it has been well
established that the effects of the momentum loss to the environment
are dynamically similar to that due to the curvature of the wave.7,10

The identification of two modes of heat release, Arrhenius vs va-
porization controlled, is particularly interesting because they depict
two different detonation structures that are affected by the droplet
size. Extension of the present study and understanding to other prac-
tical problems such as dust explosion of combustible materials is
also warranted.
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