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Abstract: Two-dimensional simulations were conducted for JP-10 mono-dispersed
vapour-droplet detonation in air, based on the detonation mechanism for clouds
and validation of the extending critical droplet size limits in previous tests. In
the simulations, the discrete phase model combined with the droplet evaporation
and droplet breakup models was used. Utilizing a wide range of mono-dispersed
droplet sizes and initial droplet concentrations, all cases of JP-10 droplets with
a certain amount of pre-vaporized fuel can successfully achieve the deflagration to
detonation transition. Detonation velocities at the equivalent concentration with
droplet diameters no larger than 50 μm are in good agreement with the theoretical
detonation velocities. The effects of droplet size and initial droplet concentration
on the detonation behaviour were also investigated. Detonation velocities attained
with droplet diameters below 50 μm appear to decrease very slightly with droplet
size, but are almost equal to the velocity in gases. When the droplet diameter
is above 50 μm, there is a decrease in simulated detonation velocity compared
with fine droplets, and no secondary pressure peak was observed. For fuel-rich
combustion, detonation velocities decrease rapidly with an increase in initial droplet
concentration, and post-wave pressure fluctuation was obviously irregular, caused
by the secondary local explosion of the droplets.

Keywords: multiphase detonation, discrete phase model, evaporation and
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1

Introduction

The pulse detonation engine (PDE) is a promising new engine, which uses
a detonation wave instead of a deflagration wave for the combustion process.
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The deflagration to detonation transition (DDT) in PDEs is being numerically
investigated by computational fluid dynamics (CFD) methodology for
performance evaluation for different combustible fuel/air regimes. The jet fuel
JP-10 has been widely used for aviation fuel and PDE purposes [1]. JP-10 is
considered the most potent fuel due to its high calorific value and chemical
availability; in addition, its low volatility is specifically designed to minimize
flammability and explosion hazards. Until now, most of the existing literature
on hydrocarbon detonations [2, 3] and hydrogen detonations [4, 5] has dealt
with detonations of combustible fuels in the gaseous state. Little work has been
performed on JP-10 being used in liquid fuel/oxidizer multiphase detonations,
mainly because of the difficulty in obtaining reliable detonations when considering
the atomization requirements, mixing timescales and evaporation [6-8].
The droplet size has been found to be a crucial influence on the detonation
parameters. The droplet shattering rate, which determines the chemical energy
release rate behind the blast wave, depends to a large extent on the droplet
size. Experimental studies have also reported that the detonation velocity in
heterogeneous mixtures is a function of droplet size. Earlier, Dabora et al. [9]
revealed that the multiphase detonation velocity is in general lower than an ideal
Chapman-Jouguet (CJ) velocity. The smallest droplet size studied was 290 μm
in diameter and the largest observed velocity deficit was ~30-35% for 2600 μm
droplets. Bowen et al. [10] observed self-sustained detonations in decane fogs, of
2 μm mean diameter, at near CJ velocities. More recently, Burcat and Eidelman
[11, 12] found that in the range 50-500 μm initial droplet radius, the detonation
velocity was inversely proportional to the reaction zone width behind the shock
front; specifically, the detonation velocity attained with 50 μm droplets was
almost equal to that in gases.
Brophy et al. [13] revealed that to obtain successful detonation for a JP-10/air
aerosol, a Sauter mean diameter (SMD) below 3 μm and a large fraction of fuel
vapour must be present. The numerical dependence of detonation performance
on droplet diameter and evaporation rate reported by Cheatham and Kailasanath
[14-16] agrees well with experimental results [13]. Tangirala and Dean [17]
performed numerical analyses for stoichiometric two-phase JP-10/air detonations
with droplet diameters of 3-10 μm, and achieved satisfactory performances
of the single ideal PDE. They also concluded that smaller droplet sizes and
some pre-vaporization of the fuel substantially expedites DDT. More recently,
experimental results indicated that an SMD below 10 μm can be achieved
with a JP-8 fuel pressure greater than 8 MPa, and only 6 MPa is necessary for
achieving the characteristics favourable for detonation of preheated fuel [18].
Since cell sizes of JP-10 are similar to JP-8, little attention was devoted to JP-10
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detonation, and it was theorized that JP-10 ought to detonate in a similar manner
if JP-8 detonated in a PDE. In addition, droplet breakup of dispersed carbon-inwater suspensions when exposed to radiation was previously investigated [19].
In the work reported here, an idealized confined geometry, energy source,
evaporation rate and sufficient evaporation time were used to obtain a certain
amount of vaporized fuel. Utilizing a wide range of droplet sizes and initial
droplet concentrations, and taking into account the effects of the droplet breakup
model, two-dimensional simulations and analysis of multiphase detonations in
JP-10/air mixtures were performed. Additionally, droplet combustion behaviour
with respect to the effects of droplet size and initial droplet concentration were
numerically investigated.

2

Numerical Models

2.1 Governing equations of gas phase and discrete phase

The continuous phase model solves the compressible Navier-Stokes equations
using the SIMPLE algorithm, and the standard k-ε turbulent model. The
governing equations are the compressible Euler equations with a chemical
reaction gas system in a two-dimensional Cartesian coordinate system, with
the dependent variable vector Q, convective flux vectors E and F, and source
vector H:


(1)

The discrete phase model (DPM) and stochastic tracking model were used to
predict the trajectory of a discrete phase particle by integrating the force balance
on the particle. This force balance equates the particle inertia with the forces
acting on the particle (for the x direction), and can be written as:
(2)
where u is the fluid phase velocity; up is the particle velocity (m/s); FD (u−up) is
the drag force per unit particle mass (N); ρp is the density of the particle (kg/m3);
ρ is the fluid density; Fx is an additional acceleration, force/unit particle mass (N).
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2.2 Droplet evaporation and breakup model

Droplet particles evaporate by being heated up by the surrounding gas. The
vaporization from a discrete phase droplet is initiated when the temperature of
the droplet Tp (K) reaches the vaporization temperature Tvap, and continues until
the droplet reaches the boiling point, Tbp, or until the droplet’s volatile fraction
is completely consumed.
The evaporation rate is governed by gradient diffusion, with the flux of
vapour into the gas phase related to the gradient of the vapour concentration
between the droplet surface and bulk gas:
Ni = kc(Ci,s – Ci,∞)(3)
where Ni is the molar flux of vapour (kmol/m2·s), kc is the mass transfer coefficient
(m/s), Ci,s and Ci,∞ are the vapour concentrations at the droplet surface and in the
bulk gas (kmol/m3), respectively.
The wave breakup model that is appropriate for high-Weber-number flows
was used for calculating droplet breakup. In this model, breakup of droplet
parcels is calculated by assuming that the radius of the newly formed droplets,
r, is proportional to the wavelength of the fastest-growing unstable surface wave
on the parent droplet, Λ:
r = B0 + Λ

(4)

where B0 is a breakup time constant set equal to 0.61. The rate of change of
droplet radius in the parent parcel is given by
(5)
where the breakup time, τ, is given by
(6)
Values of B1 can range between 1 and 60, depending on the injector
characterization.

2.3 Parameter settings

The configuration modelling of the cylindrical tube was 0.06 m in diameter and
1 m in length with the two ends closed. The geometry appears to be more than
sufficient for that presently required for a successful detonation based on studies
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on DDT of fuel/air mixtures [20]. Due to the symmetrical geometry, only half of
the flow field was chosen for the computing area. The mesh spacing is ∆x = 1 mm
and ∆y = 1 mm inside the tube, with mesh generations and monitoring points of
the flow field shown in Figure 1. The geometry was the same as in our previous
parallel report [21] and experimental and numerical studies; hence, a verification
of the same numerical method is not explained again here.

Figure 1.

Mesh generations and monitoring points of the flow field (units/m)

As the boundary conditions, all tube walls were set as typical no-slip, noleakage and adiabatic. In the absence of gravity, it was assumed that the monodispersed JP-10 droplets before the ignition delay time were homogeneously
mixed with the air in the tube. As in related experimental conditions, DPM is
used here in simulations of detonation in specific multiphase JP-10/air mixtures.
The ignition scheme is direct detonation rather than involving a pre-detonator
or a driver tube, and without obstacles or a Shchelkin spiral. As the initial and
boundary conditions, the ignition region with high temperature and pressure is
a semicircle of radius 1.5 cm at the left end, with high initial pressure p = 30p0
and temperature T = 10T0, respectively, and in the remaining region p = p0,
T = T0, where p0 and T0 are the standard pressure and temperature. The specific
parameters are listed in Table 1.
Table 1.

Simulated detonation parameters of JP-10 liquid
Parameter
Value
−1
1.26e+8 [22]
Activation energy [J·kmol ]
7.84e+11[22]
Pre-exponential factor [kmol·m−3·s−1]
Standard state enthalpy [J·kmol−1]
−2e+8 [23]
345222.4 [24]
Standard state entropy [J·kmol−1·K−1]
Density [kg·m−3]
940 [25]
Specific heat ratio [J·kg−1·K−1]
Piece-wise, linear in temperature [24, 26]
Enthalpy of vaporization [J·kg−1]
376000 [27]
Boiling point [K]
460 [28]
Saturated vapour pressure [Pa]
Piece-wise, linear in temperature [26, 29]
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Results and Discussion

In the present work, a velocity surface injector was used to generate small
unheated droplets during the injection process and to control the initial droplet
fuel concentrations. The initial droplet concentration range was 70 g/m3, 90 g/m3
(equivalence ratio of 1), 150 g/m3, 200 g/m3, 300 g/m3 to 500 g/m3 and the droplet
diameter range was 3 μm, 5 μm, 10 μm, 20 μm, 50 μm, 80 μm and 100 μm.

3.1 Validation of the droplet models

Figure 2 depicts the molar fraction of pre-vaporized JP-10 versus the initial
droplet concentration. With the same ignition delay time and droplet size, the
JP-10 vapour molar fraction increases with initial droplet concentration but
gradually stabilizes, mainly because the droplet evaporation process is affected
by variations in thermodynamic and test parameters, such as droplet evaporation
rate constants, ignition delay time, droplet size, initial droplet concentration, etc.
A relatively larger droplet, for example, takes a longer time to evaporate. There
is no necessity for all of the liquid phase to be converted to the vapour phase,
but a sufficient amount of vapour fuel must be present for the detonation process
to proceed.
0.55
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Figure 2.

JP-10 vapour molar fraction versus initial droplet concentration in
fuel/air mixtures

The total amount of pre-vaporized fuel depends on the temperaturedependent saturated vapour pressure of the fuel; and thus, the total vapour molar
fraction will be stabilized even when the initial droplet concentration continues to
increase, which is reasonably consistent with the experimental results of Zhang
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and Liu [30]. Thus, simulations using the droplet evaporation and breakup
models presented here have been validated by experimental work.
After the injection of fuel into the tube, JP-10 droplets were initially and
partially vaporized to achieve a favourable amount of vapour during the ignition
delay process, as is shown in Figure 3. This is to facilitate the subsequent
detonation process of the multiphase JP-10/air mixture.

Figure 3.

Molar fraction of JP-10 vapour in a multiphase fuel/air mixture
before ignition

3.2 Droplet size effect on detonation velocity

For the clouds composed of gaseous oxidizer and liquid fuel with diameters below
50 μm, the detonation process is mainly subject to the ultimate vaporization speed
of the fuel droplets in the detonation wave front. In the presence of the detonation
wave front, a strong discontinuity of temperature and pressure in the cloud exists;
at that time, the fuel droplets in the cloud are vaporized at the ultimate speed
and mixed with the surrounding gaseous oxidizer, and then release energy to
achieve detonation and sustain the continued propagation of the leading shock
wave. Since the evaporation process is within 10−6 s due to the small droplet size,
cloud detonation can be quite similar to that of a homogeneous gas; therefore, for
cloud detonation of fuel droplets on the scale of microns, simulated detonation
velocities agree well with the ideal CJ velocity in gases [16].
The JP-10 droplet concentration (JP-10d, in g/m3) and the average JP-10 vapour
molar fraction (cJP-10v) in the fuel/air mixture before ignition are provided attached
to Figure 4. In order to study the effect of droplet size on the detonation velocity
in vapour-droplet JP-10/air mixtures, simulations were conducted with different
ignition delay times, aiming to achieve similar JP-10 vapour molar fractions,
despite the greatly varied evaporation rate with different droplet sizes. It should
be pointed out that the average cJP-10v was obtained by estimation considering
the non-uniform vapour-droplet distribution; however, small variations in the
vapour concentration have little effect on the detonation performance in specified
Copyright © 2018 Institute of Industrial Organic Chemistry, Poland
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vapour-droplet multiphase mixtures, mainly because the main parameters that
affect the detonation velocity are the droplet evaporation and breakup rates,
which is further explained below.

Detonation velocity/m·s -1
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Figure 4.

Effect of JP-10 droplet size on detonation velocity at the equivalent
concentration of 90 g/m3 – the simulated values were: (1) 3 μm:
d
3
v
d
3
JP-10 = 62 g/m , avg. cJP-10 = 0.50%; (2) 5 μm: JP-10 = 65 g/m , avg.
v
d
3
v
cJP-10 = 0.41%; (3) 10 μm: JP-10 = 73 g/m , avg. cJP-10 = 0.30%;
(4) 20 μm: JP-10d= 71 g/m 3, avg. c JP-10v = 0.33%; (5) 50 μm:
d
3
v
d
3
JP-10 = 70 g/m , avg. cJP-10 = 0.31%; (6) 80 μm: JP-10 = 68 g/m , avg.
v
d
3
v
cJP-10 = 0.34%; (7) 100 μm: JP-10 = 74 g/m , avg. cJP-10 = 0.28%

As seen from Figure 4, the droplet size has a significant effect on the
detonation velocity, and fuel droplets in the region of 100 μm can also develop
self-sustaining detonation. For this limited short tube, the detonation velocity
decreased rapidly when the droplet size was greater than 50 μm, and large
deficits from gaseous CJ detonation velocities were observed only for larger
sized droplets. Here we preliminarily obtained an exponentially fitted curve to
provide a prediction model, and the correlation between detonation velocity and
droplet diameter was: D = 1690.31-2.69133×exp(0.05254×d).
Due to the complex phenomena in the detonation reaction zone, this process
cannot be explained by a simple droplet exfoliation mechanism, and a new
mechanism was proposed, attributed to droplet deformation-breakup − local
explosion in a cloud detonation. Specifically, after the leading shock wave, a large
difference in velocity between the airflow and droplets can accelerate droplet
motion and cause lateral droplet deformation so that the small particles rapidly
generated at the rear of the droplets, vaporize and then cause acute explosion.
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The energy released in the form of a second shock wave and local explosions
sustains the leading shock wave and continuously causes the deformation,
exfoliation and breakup of the droplets.

3.3 Droplet size effect on detonation pressure

Figure 5 shows the pressure profiles of JP-10 vapour and droplets of 5 μm
and 100 μm diameter, and Figure 6 shows the pressure distributions of JP-10
vapour and droplets of 100 μm diameter. It may be seen that the detonation
irregularity for 100 μm droplets was caused by the secondary local explosion.
For the detonation pressure curve from 5 μm droplets, no secondary peak of fine
particles was observed after the sharp drop of the detonation wave front, while
for 100 μm droplets, post-wave pressure fluctuations were obviously irregular.
According to the aforementioned cloud detonation mechanism, for the twophase detonation with droplet diameters below 50 μm, the time consumed in
droplet breakup, within 10−6 s, is close to the delay time in gaseous detonation.
Detonation velocities from less than 50 μm droplets agree well with the theoretical
detonation velocities, and detonation behaviour in multiphase fuel/air mixtures
are similar with those of gas detonations. However, when the droplet size is larger
than 50 μm, the time required for droplet deformation and breakup increases
with droplet size. The energy loss outside the reaction zone increases in the
meantime, which leads to an increase in reaction zone width and a large deficit
of the simulated detonation velocity with respect to theoretical values.
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Figure 5.

Pressure profiles after ignition of JP-10 vapour and JP-10 droplets
of 5 μm and 100 μm
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Pressure distributions after ignition of JP-10 vapour and JP-10
droplets of 100 μm

3.4 Droplet concentration effect on detonation velocity

The simulation results of various initial JP-10 concentrations with a homogeneous
droplet diameter of 50 μm were compared with previous experimental and
numerical results [31-33]. As indicated in Figure 7, the detonation velocity
reaches the maximum value at a stoichiometric JP-10/air (90 g/m3) mixture. For
fuel-lean combustion, the detonation velocity decreases slightly with an increase
in initial droplet concentration; while for fuel-rich combustion, the detonation
velocity decreases abruptly with initial droplet concentration, however, a tight
coupling of the combustion and shock waves, expected for a CJ detonation,
indicates flame acceleration and reliable detonation.
Since little attention was devoted to a broader range of initial droplet
concentrations, we are not able at present to compare some results for larger
droplet concentrations with CJ values. As with the aforementioned studies on
the droplet size effect, in order to investigate the initial droplet concentration
effect, JP-10d and average cJP-10v are also shown below Figure 7, and similar values
of JP-10 vapour molar fractions for all cases were also obtained. As is shown
in Figure 7, most of the velocities reach up to above 1600 m/s, and the velocity
in the stoichiometric JP-10/air mixture is almost equal to, but still slightly lower
than, the CJ velocity presented by Schauer et al. [31].
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Figure 7.

Effect of initial droplet concentration on detonation velocity with
an homogeneous droplet size of 50 μm – the simulated values
were: (1) 70 g/m3: JP-10d= 55 g/m3, avg. cJP-10v= 0.28%; (2) 90 g/m3:
d
3
v
3
d
3
JP-10 = 64 g/m , avg. cJP-10 = 0.31%; (3) 150 g/m : JP-10 = 133 g/m ,
v
3
d
3
v
avg. cJP-10 = 0.29%; (4) 200 g/m : JP-10 = 180 g/m , avg. cJP-10 = 0.31%;
(5) 300 g/m3: JP-10d= 245 g/m3, avg. cJP-10v= 0.30%; (6) 500 g/m3:
d
3
v
JP-10 = 463 g/m , avg. cJP-10 = 0.38%

3.5 Droplet concentration effect on detonation pressure

Figure 8 shows the overpressure history profiles for homogeneous droplets of
50 μm diameter and different initial droplet concentrations at different locations
in the tube. The pressures at a low concentration are relatively stable at different
monitoring locations, and the pressures at a lean concentration of 70 g/m3 and
at the stoichiometric concentration 90 g/m3 are basically similar at 3 MPa.
However, the pressure gradually becomes unstable when the initial droplet
concentration is increased; for example, an obvious pressure fluctuation occurs
at the concentration of 200 g/m3. When the initial concentration reaches up to
300 g/m3, the pressures fluctuate significantly, mainly because a large amount of
JP-10 vapour was instantaneously generated at higher concentrations, but was
not involved in the detonation reaction.
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Figure 8.
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(c) 200 g/m3
(d) 300 g/m3
Overpressure history profiles at different initial concentrations at
different locations

As the pressure wave propagated through different monitoring points along
the downstream tube, a sudden jump to a high pressure spike was observed due
to overdriven detonation [18]. After the wave front passes, pressure relaxation
occurs to a near steady plateau pressure at each point. It should be noted that the
pressure profiles are much noisier than those of the gaseous state, also shown in
our previous simulation report [21]. This is because a discontinuity of energy
release occurs with all of the fuel in the liquid phase. A rise in pressure at the
pressure wave front, a steady plateau pressure behind the detonation front, as
well as a tight coupling of combustion and the pressure wave front are indicative
of a successful detonation.
Our simulated detonation pressures are reasonably consistent with the
detonation pressure of JP-10 droplets obtained from Brophy et al. [13] and Sandhu
et al. [34]. The simulated detonation properties of JP-10 were also validated
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suggesting further research scope in the development of relevant experiments
on PDEs and cloud detonations.

4

Conclusions

The numerical model of vapour-droplet multiphase detonation presented here
was validated to simulate JP-10 vapour-droplet multiphase detonation in air using
DPM, combined with droplet evaporation and breakup models. The effects of
droplet size and initial droplet concentration on the detonation properties were
investigated. Simulations on mono-dispersed droplets of various diameters and
initial concentrations indicated the necessity of small-sized droplets and nearequivalent initial concentrations to achieve the CJ velocity and pressure. The
detonation transition was significantly enhanced and the critical droplet size
limits for a limited short tube were extended.
In all of the cases studied here, mono-dispersed JP-10 droplets of various
diameters with some pre-vaporized fuel successfully achieved a deflagration
to detonation transition in air. The detonation velocities for droplets no larger
than 50 μm appeared to decrease very slightly with the initial droplet size and
but remained almost equal to those in gases. The detonation velocity decreased
rapidly when the droplet size was greater than 50 μm, and there is a large deficit
in the simulated detonation velocity in comparison with theoretical values. For
the detonation pressure curve of very fine droplets, the normal secondary peak
in the detonation of fine particles was not obvious, while for 100-μm-diameter
droplets, fluctuation of the post wave pressure was obviously irregular and caused
by the secondary local explosion of fuel droplets.
In terms of the effect of the initial concentration, for a fuel-rich combustion,
the detonation velocity decreased rapidly with an increase in the initial droplet
concentration, and pressure fluctuations were obviously observed. The detonation
velocity of a stoichiometric JP-10/air mixture with 50 μm droplets reached a nearCJ velocity, and simulated detonation pressures were reasonably consistent with
the available literature. The investigated detonation properties of JP-10 obtained
should have significance for future research scope in the development of PDEs
and cloud detonation for a broad audience.
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