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1 Introduction

Under the appropriate boundary and initial conditions, a detonation can propagate at a supersonic
speed relative to the reactants. In the steady ZND laminar one-dimensional model [1], the fresh gas
mixture ignites by adiabatic compression by the leading shock wave, and the exothermic reaction occurs
after a pool of intermediate species proliferates. Then, the flow is accelerated by the heat addition from
the chemical reactions and the mean sonic plane is established, which statistically separates the
detonation front from the rear. Due to the specific properties of detonation, a severe damage may occur
due to high overpressure behind the detonation and detonation has to be prevented for the safety of
people and installations, such as in coal mines and power plants. Therefore, the knowledge on the
initiation and the mitigation of the detonation is required from the point of view of the safety engineering.

One of the potential solutions is the use of the water spray [2] and the main concern is to clarify the
condition for the water spray to quench the detonation effectively. Gerstein et al. [3] have shown that
water spray could quench the transition of the flame to detonation of methane-air at low pressures.
Thomas et al. [4] studied the quenching of detonation by water spray of various stoichiometric mixtures
diluted by nitrogen or argon. The coarser water spray with droplet diameter ranging from 500 pm to
1100 um could not quench the detonation and only reduced the impulse in their experimental conditions.
On the other hand, detonation was successfully quenched by the finer spray with 150-300 pm diameter
droplets. Another experimental study by Niedzielska et al. [5] pointed out a different trend for the
characteristics of a water droplet curtain to quench a hydrogen-air detonation. Two water droplet
curtains whose diameter was 215 and 500 um respectively were used. The finer spray could not
extinguish the detonation, on the contrary of the coarser one. In the review by Gelfand et al. [6], the
model equation for loading ratio required for quenching detonation was derived as a function of the
square of droplet diameter, and the importance of the small droplet size was emphasized. Though Boeck
et al. [7] did not confirm the quenching of detonation by water spray, they observed that the water
droplets whose Sauter mean diameter is 13 um delayed the deflagration to detonation transition for the
atmospheric hydrogen-air mixture and that the detonation propagation speed decreased by 3% as
compared to the CJ velocity. From the aforementioned studies, the general guideline for droplet
condition to quench the detonation is not achieved and the effect of water spray on detonation wave is
not fully understood yet.
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In order to gain some insights into the structure of gaseous detonation with water droplets (WDs)
and the behavior of WDs, Watanabe et al. [8] performed two-dimensional (2-D) numerical simulations
based on the previous experiment by Jarsalé et al. [9] and investigated the structure from the Favre
averaged one-dimensional profiles. The velocity decrease and the change in the cellular structure by the
addition of WDs were similar to the experimental results, and the structure was affected by the
evaporation of WDs that was coupled with the detonation wave. Nevertheless, the numerical model used
in the study by Watanabe et al. [8] did not take into account the droplet breakup that is likely to occur
by the strong and unsteady shock waves behind the front producing a large amount of small droplets
that enhance the two-phase interactions. Then, Watanabe et al. [10] conducted 2-D simulation with
breakup modeling and compared the gaseous and WDs characteristic lengths that were quantitatively
ordered and that were shown to be intimately intertwined. The induction length was shorter than the
characteristic length for the end of breakup under the simulation conditions and the water vapor from
the evaporation of WDs did not affect the reactivity of the gaseous mixture, which is in line with the
previous finding by Jarsalé [9]. In addition, Watanabe et al. [11] analyzed the behavior of WDs and
showed that the breakup occurred mainly behind the leading front. The jets and transverse waves which
come from the cellular instabilities of the detonation were at the origin of the final polydispersity in the
droplet diameter. The simulation results also confirmed that the non-dimensional total breakup time
became longer than that estimated by the post-shock conditions due to the change in the dynamic
pressure downstream of the front, in line with Ragland et al. [12] and Dabora et al. [13].

In these previous studies [8,10,11], the spray was initially monodisperse in order to allow easier
analysis of the results. However, the real spray has an initial distribution in the droplet diameter, which
implies that a wide range of length scales will emerge. The effect of the initial distribution of droplet
diameter cannot be inferred from the previous studies. Therefore, the present study aims to clarify the
behavior of the water spray with different initial size in gaseous detonation. In this report, the evolution
of the distribution of droplet diameter is monitored and the outcome of the breakup process is estimated.

2 Mathematical modelling and numerical method

The details of the mathematical modeling and the numerical method used in the in-house code is
described in previous studies [10,11,14], and the mathematical modeling and numerical method are the
same. Therefore, only a brief description is presented in this section.

The detonation propagation in a water spray is related to two-phase flows of gas and droplets, which
is modeled by the Eulerian—Lagrangian method. The governing equations combined with porosity for
the gaseous phase are the 2-D reactive compressible Navier-Stokes equations with source terms
accounting for the chemical reactions and the interactions with the droplets [10,11,14]. The chemical
species are H», O,, H, O, OH, H>O, HO», H>O, and N». The equation of state is the perfect gas law. The
detailed kinetics for hydrogen is that of Hong et al. [15], with 9 species and 20 elementary reactions.
The thermochemical species properties are calculated using the JANAF polynomials [16]. As for the
transport properties but HO,, a method proposed by [17] is used to estimate the gas viscosity and thermal
conductivity. For HO; species, the viscosity and thermal conductivity are calculated by the Chapman-
Enskog method [18] and the Eucken method [19], respectively. The pure species diffusion coefficients
are evaluated using the Chapman—Enskog method [18]. The Wilke method [20] and Wassiljewa method
[21] are used to estimate the multi-component gas viscosity and thermal conductivity, respectively.

The droplet motion is modeled by the particle tracking method, equations of which are Newton’s
equation of motion, energy equation, and number density conservation equation. As the Biot number is
much lower than unity, the temperature of the particle is considered to be uniform. The evaporation of
WDs is determined by the model of Abramzon et al. [22]. The drag force is estimated by the model of
Ling et al. [23] and convective heat flux is calculated using the Ranz-Marshall equation [24]. Droplet
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Fig. 1 Physical configuration of the simulation

breakup models can be found in [25] and the model used in this Sauter mean diameter 14.9 ym
study assumes that the droplet diameter decreases linearly during Arithmetic mean diameter 10.2 ym
the breakup process [25]. The maximum stable diameter follows 0.10
from stability criterion and the total breakup time is determined by 0.08
Pilch and Erdman [26]. w 0.06
A classical splitting method is employed to couple the 2 0.04
hydrodynamics with the detailed chemistry and the interphase 0.02
exchanges. The convective terms are discretized by fifth-order 0 N T
advection upstream splitting method using AUSMPW++ improved 0 5 10 15 20 25
by [27] based on MWENO-Z [28] and the diffusive terms by Droplet diameter [um]
second-order central differential schemes. The time integration Fig. 2 Pdf of initial droplet diameter
method is the third-order TVD Runge-Kutta method [29], and the 0.4 '
multi-timescale method [30] is used for efficient time integration 0.3L
of the chemical source terms. The droplet equations are solved with ~ _
first-order methods. The porosity is then calculated using the ratio 8 0-2f |
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of the total volume of droplets located in the computational cell to 01k 2.0 hrl _

the computational cell volume, using the particle centroid method

[31]. The barycentric interpolation of [32] is used to estimate the 0 S

interphase e>'<che.1nges. . ° Drosplet1c§)iarr;|¢-fter %Bm] 2
The validation of the present numerical model for the droplet Fig. 3 Pdf of droplet diameter for

breakup has been addressed in the previous studies [10,14], even if several distances from the shock front

there is a need for further experimental work for higher initial
Mach number.

3 Results and discussion

The physical configuration related to the numerical simulation is depicted in Fig. 1, with similar
conditions as in previous studies [10,11] except for the initial droplet diameter. A fully developed
gaseous detonation in the 39 mm width straight channel which propagates within a stoichiometric H,-
O, premixed gas diluted with 40% N interacts with the same premixed gas laden with WDs. The initial
pressure and temperature are 10 kPa and 300 K, respectively. The WDs are uniformly distributed and
the apparent density of water is 5.5 g/m’. The initial droplet diameter distribution is referred to the
experimental results by Jarsalé et al. [9], where they found that the log-normal distribution fitted well
with measured spray characteristics. The maximum droplet diameter in the simulation is limited to the
grid cell size that has to remain greater than that of the droplet in the current numerical modeling,
implying that the maximum droplet diameter in initial condition is set to 25 pm. The initial droplet
diameter distribution is determined from diameter distribution in Jarsalé et al. [9] excluding the droplet
over 25 um. The droplets with different initial diameter are spatially distributed and the probability
density function (pdf) for the initial droplet diameter is shown in Fig. 2. The arithmetic mean diameter
and the Sauter mean diameter are 10.3 pm and 14.9 pm, respectively. The wall is an adiabatic no-slip
wall, and the left boundary is an outflow. The half reaction length (4#/) is 1696 pm. The minimum grid
width is 50 um and the resolution is about 34 pts/Ar/. The non-dimensional activation energy for this
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mixture in the present reaction model is 5.5, which can be
classified as a weakly unstable mixture according to the
stability analysis. The role of turbulent burning in weakly
unstable mixture is not important, contrary to highly unstable
mixture with irregular cellular structure. The present
phenomena can be well resolved with the present grid
resolution.

The recycling block method is used. The length of the computational domain with minimum grid
size is set to 120 mm in the present study, length of which encompasses the mean leading shock front
and the mean sonic plane. In the present computations, the detonation has propagated over a distance of
2000 mm. Then the 2-D data from 500 mm to 2000 mm after the first contact with WDs enable to
evaluate the mean and statistical values.

The Probability Density Function (pdf) of the droplet diameter and the initial droplet diameter are
shown in Fig. 3 for several distances from the shock front in order to evaluate their evolution. The pdf
became narrower and its peak value was higher toward the end of the breakup process (Fig. 3), which
meant that the breakup played a role in regularizing the droplet diameter. Nevertheless, even if it could
be expected from the results in [11,14] from an initial monodisperse spray that the jets and transverse
waves would enlarge the initial pdf, the polydispersity of the resulting droplet diameter remained limited
here. After the breakup process, the shapes of the pdf were similar and the droplet diameter then
gradually decreased by the evaporation.

The maximum stable diameter dg; = We.o/ (pglurlz) is independent of the initial droplet diameter

and depends only on the dynamic pressure, the gas density pg and the relative velocity between phases

Relative dynamic pressure, pg|u |’ [MPa]

rrq

u,, under the assumption that the surface tension and the critical Weber number We, are constant.
Indeed, the shape of the pdf for the maximum stable diameter was the same regardless of the initial
droplet diameter, its distribution coming from the fluctuations in the gas quantities behind the front due
to the cellular instabilities (Fig. 4(a)). On the other hand, closer inspection of the droplet diameter at the
end of the breakup in the simulation showed that it was affected to some extent by the initial droplet
diameter (Fig. 4(b)). As the initial droplet diameter was smaller, the droplet diameter at the end of
breakup was smaller and the final distribution at the end of breakup was narrower as the initial droplet
diameter was smaller. This dependence of the final droplet diameter on the initial droplet diameter came
from the change in the dynamic pressure during the breakup process [11,14] (Fig. 5), due to gas
expansion and momentum exchange. Indeed, Gelfand [33] pointed out that the duration of supercritical
conditions and the time-dependent profiles affected the evolution and outcome of droplet breakup. The
time scale for the end of breakup (t « d/|u,| - (p1/ pg)l/ 2) increased as the droplet was initially larger.
Thus, the larger droplets experienced lower dynamic pressures during the characteristic time scale of
the breakup process (Fig. 5), meaning that the corresponding stable value was also increasing (Fig. 4(b)).
The profile of pdf in Fig. 4(b) was also wider as the larger droplets would experience much further
dynamic events than the smaller ones.
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The outcome of the breakup process was evaluated in
terms of the non-dimensional total breakup time in Fig. 6.
As mentioned above, the dynamic pressure changed during
the breakup process (Fig. 5) and this generally caused the
longer non-dimensional breakup time and the larger droplet
diameter at the end of breakup than those estimated based
only on the post-shock conditions (Fig. 6(a)). The trend of
longer non-dimensional total breakup time than that for
the post-shock condition is in line with the experimental
results of Ragland etal. [12] and Daboraetal. [13].
Dabora et al. [13] suggested to use the average dynamic
pressure for a better estimation of the actual breakup time
in detonation from the idea that “drop in a detonation is
subjected to a varying dynamic pressure due to the
continuously changing conditions behind the front”. The
estimation based on the average relative dynamic pressure
between the front and the point where the breakup
finished was greatly improved as compared to that using
the post shock conditions (Figs. 6(a)(b)). The use of the
averaged dynamic pressure gave 1.05 as an average value
for the ratio of the total breakup time in simulation to the
estimation and narrowed the profiles around the simulated
value (Fig. 6(c)).

4 Conclusions

The behavior of the polydisperse spray in gaseous
detonation were numerically analyzed using the 2-D
numerical simulation, based on an Eulerian-Lagrangian
method. The distribution in the droplet diameter was
regularized by the breakup process. The polydispersity in
the final droplet diameter at the end of the breakup process
came from the cellular instabilities (fluctuations in the gas
quantities at the shock front) and the degree of the change
in the dynamic pressure during the breakup process,
which was affected by the initial droplet diameter. In
addition, the outcome of the breakup process was
underestimated and deviated from the estimation based on
the post-shock conditions. Indeed, the average relative
dynamic pressure between the front and the point where
the breakup is completed should be used for the better
estimation for the total breakup time as Dabora et al. [13]
suggested. The use of the averaged dynamic pressure gave
1.05 as an average value for the ratio of the total breakup
time in simulations to the estimated values whereas the
average value for this ratio based on the post-shock
conditions was 2.20.
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