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1 Introduction 

 Since the discovery of detonation phenomena, detonation attracts a lot of attention in terms of safety 
hazards and propulsion applications. Detonation is a self-sustaining supersonic combustion wave which 
consists of a leading shock wave and a reaction zone. A severe damage to people and goods may occur if 
the detonation happens unintentionally in coalmines or nuclear power plants. Therefore, the knowledge on 
the initiation and mitigation of the detonation are essential and research on detonation is promoted for safety 
applications. One of the potential solutions is the use of water spray to suppress the detonation. Boeck et al. 
[1] showed that the existence of water droplet whose Sauter mean diameter (SMD) is 13 µm retards the 
deflagration to detonation transition for atmospheric stoichiometric hydrogen air mixture and that the 
detonation propagation speed decreases by 3% compared to the CJ velocity. Also, the experimental study 
by Niedzielska et al. [2] observed the complete detonation extinguishment by water spray whose SMD is 
500 µm and indicated the possibility of water spray for detonation quenching.  
 The knowledge on the detonation in the heterogeneous mixture is of primary importance for the 
mitigation of the detonation by water spray. One of the researches to clarify the structure for gaseous 
detonation with water droplets (WDs) in terms of the hydrodynamic thickness was conducted by Jarsalé et 
al. [3]. They performed an experiment to generate new data on gaseous detonation through a C2H4-air 
mixture laden with WDs. The cell size drastically increased and the detonation velocity decreased as 
compared to the dry CJ velocity. Also, they measured the hydrodynamic thickness by the analysis of the 
post-shock pressure fluctuations and revealed that the ratio of hydrodynamic thickness over the cell size 
remains quite constant regardless of the presence of WDs. However, they did not clarify the behavior of 
WDs and the interaction with the detonation such as their motion and the location of evaporation. The 
numerical approaches as well as the experimental approach are required to understand the structure of 
gaseous detonation in heterogeneous mixtures and the behavior of WDs when gaseous detonation 
propagated through a cloud of WDs. Watanabe et al. [4] performed two-dimensional (2D) numerical 
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simulation based on previous experiments of Jarsalé et al. to analyze the structure of gaseous detonation via 
Favre averaged one-dimensional profiles. They observed stable propagation of gaseous detonation in the 
unburned gas mixture with WDs with small velocity decrease (maximum 3.2%) compared to the CJ speed 
and change of the cellular structure by addition of WDs in the leaner mixture case as in the experiment. 
From the Favre average analysis, the evaporation of WDs significantly can be seen to change the structure 
of gaseous detonation. The evaporation is coupled with the detonation wave. Moreover, the velocity, 
vorticity and temperature fluctuations downstream of the detonation wave are lowered. Additionally, they 
reported that the hydrodynamic thickness becomes less than that without WDs when the sound speed for 
two-phase mixture of which one of the assumptions is velocity equilibrium is used. However, they did not 
consider droplet breakup and the Favre average analysis was performed on a short computational domain 
from the interaction with the domain laden with WDs (i.e., 100 mm). Moreover, droplet breakup must play 
a crucial role in phenomena because smaller droplets are generated, which enhances the interactions between 
the gaseous phase and WDs such as momentum, evaporation and energy transfer. In addition, the statistical 
Favre average analysis in time and space is required to obtain more physical insight into the phenomena as 
in previous studies for turbulent cellular gaseous detonation [5], gaseous detonation in a spatially 
inhomogeneous reactive medium [6], gaseous detonation with a compressible layer [7]. Therefore, the 
numerical simulations with droplet breakup and statistical Favre average analysis have to be performed. 
 In this study, 2D numerical simulations based on Eulerian-Lagragian method that take droplet breakup 
into account are performed on the gaseous detonation with dilute water spray in order to clarify qualitatively 
the mean structure of gaseous detonation. Detailed discussion is carried out to analyze the mean structure 
and the interactions between the gas phase and water spray via statistical Favre averaged one-dimensional 
profiles from the simulated results. The target gas and droplet conditions in the present study are 2H2-O2-
2N2 mixture (initial pressure and temperature are 0.01 MPa and 300 K) with uniform water droplets whose 
diameter is 15.9 µm and apparent density is 5.5 g/m3. 

2 Numerical method  

 The detonation propagation in a water spray is related to the two-phase flow of gas and droplets. The 
Eulerian–Lagrangian method is used to model the gaseous detonation laden with water spray. The gaseous 
phase is assumed to be a viscous, reactive, compressible, and ideal gas. The governing equations combined 
with porosity for the gaseous phase are the 2D reactive compressible Navier–Stokes equations, with source 
terms accounting for chemical reactions and interactions with droplets. The chemical species conservation  
are H2, O2, H, O, OH, H2O, HO2, H2O2 and N2. The equation of state for an ideal gas is used to close the 
system. The hydrogen-oxygen combustion is modelled by a detailed model proposed by Hong et al.[8] , 
which considers 9 species and 20 elementary reactions. The thermochemical species properties are 
calculated using the NASA thermochemical polynomials [9]. As for the transport properties, a method 
proposed by Gordon et al. [10] is used to estimate the gas viscosity and thermal conductivity, the pure 
species diffusion coefficients are evaluated using the Chapman–Enskog method. The Wilke method is used 
to estimate the multi-component gas viscosity and thermal conductivity based on the pure species values. 
 Particle tracking method is employed to reproduce the droplet motion. The governing equations for 
droplets are Newton’s equation of motion, energy conservation equation, mass conservation equation and 
number density conservation equation.  Because the Biot number in this study is much less than unity, we 
neglect temperature gradient in the energy equation within the particle. The evaporation and breakup are 
taken into account. The evaporation of WDs is reproduced by the model by Abramzon et al. [11]. Droplet 
breakup occurs under the assumption that the droplet diameter decreases linearly during the breakup process 
[12]. The critical Weber number (Wec) and non dimensional total breakup time are modeled following 
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Brodkey [13] and Pilch et al. [14]. The drag force is estimated 
using model proposed by Ling et al.[15] and convective heat flux 
is calculated using the Ranz-Marshall equation.  
  The convection and diffusion terms are discretized by fifth-
order advection upstream splitting methods using pressure-based 
weight functions (AUSMPW+) improved by Kim et al. [16] based 
on modified weighted essentially non-oscillatory z (MWENO-Z) 
[17] and the second-order central differential scheme. The time 
integration method for the convective and diffusion terms is the 
third-order total-variation-diminishing Runge–Kutta method, and 
the multi-timescale method [18] is used for efficient time 
integration of the chemical source term. The time integration of 
droplet is conducted by the symplectic Euler method. The recycling block method is applied to reduce the 
computational cost and allows detonation to run a long distance to take statistical value. [7,19,20] In the 
following calculations, the detonation propagation length is 900 mm.  

3 Results and discussion 

 The computational target is depicted in Fig. 1. The target gas is 40% N2 diluted stoichiometric H2-O2 
mixture and fully developed gaseous detonation propagates through the unburned gas mixture with dilute 
WDs inside the 39 mm width straight tube. The initial pressure and temperature of gas are 0.01 MPa and 
300 K, respectively.  The WDs (whose initial diameter and temperature are 15.9 µm and 300 K, respectively) 
are uniformly distributed in the unburned gas and the apparent density of water is 5.5 g/m3. The wall is an 
adiabatic no-slip wall, and a transmissive boundary condition is applied to the left hand side. The half 
reaction length (hrl) is 1696 µm. The minimum grid width is 50 µm and the resolution is about 34 pts/hrl.  
The non-dimensional activation energy for target mixture in the present reaction model is 5.5, and the target 
gas can be classified as a weakly unstable mixture according to stability analysis [21].  
 The probability density function (PDF) for propagation velocity is shown in Fig. 2. The gaseous 
detonation with WDs propagates stably and the decrease in propagation velocity relative to dry CJ velocity 
without WDs is as much as 4%. The shape of PDF for the case with WDs is the same as that without WDs 
but shifts to the lower velocity side. The peak in the PDF lies in the sub CJ velocity and the power law 
dependence assumed from the cylindrical Taylor Sedov blast wave theory is confirmed [5].  
 The global feature of gaseous detonation with WDs are explained by the 2D flow fields in Fig. 3. Figure 
3 shows (a) maximum pressure, (b) gas temperature, (c) droplet volume fraction, (d) evaporation rate, 
respectively.  The maximum pressure corresponds to soot track images. The cellular structure in Fig. 3(a) 
is regular with 1.5 cell inside the channel. There is no unburned gas pocket in Fig. 3(b). The WDs are locally 
concentrated behind the shock wave from Fig. 3(c). The evaporation of water droplet occurs after WDs 
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reach the boiling temperature in Fig. 3(d), thus mass is transferred to gas phase, whereas heat is taken from 
the gas.  
 In order to qualitatively estimate the mean structure of gaseous detonation and the behavior of WDs, 
the statistical Favre averaging in time and space in the frame of reference of the instantaneous detonation 
motion is conducted in the simulated results.  In order to deal with multiphase features, the Favre averaging 
process was also applied to the gas density and volume fraction. The WDs are numerically solved based on 
the Lagrangian method. To obtain Favre averaged one-dimensional profiles for WDs, the physical quantities 
on WDs (mass, velocity, temperature) are at first projected as the Eulerian grid and then the droplet volume 
fraction weighted Favre average approach is used. They are shown in Fig. 4 and Fig. 5 for the gas and liquid 
phases, respectively. Figure 4 shows (a) pressure, (b) estimations of Mach number in shock fixed frame, (c) 
mass fraction of water vapor H2O, (d) thermicity and Fig. 5 shows (a) gas and WDs velocities in x direction, 
(b) gas and WDs temperatures, (c) droplet diameter, (d) We number. As a result of the interaction with WDs, 
the pressure decreases due to lower propagation velocity as in Fig. 4(a). The sound speed in two-phase 
medium decreases [22], and the Mach number defined based on the two-phase sound speed and gas phase 
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sound speed is shown in Fig. 4(b). The hydrodynamic thickness 
based on gas sound speed xHT,gas with WDs becomes thicker but 
the hydrodynamic thickness based on two-phase sound speed 
xHT,two  with WDs is shorter than that without WDs. The 
characteristic lengths for chemical reaction such as induction 
length xind and reaction length xreac also become thicker due to the 
lower propagation velocity in Fig. 4(d). The relative velocity 
between gas and WDs takes maximum value just behind the shock 
wave and gradually decreases to the velocity equilibrium. 
The characteristic length for the velocity equilibrium xeq,velo 
is defined as the distance from the shock wave to the 
position where the relative velocity becomes 1% of the 
maximum value, and estimated as 341.0 hrl based on the 
slope of relative velocity in log scale. The temperature of 
WDs reaches the boiling temperature soon after the shock 
wave. The characteristic length for WDs to reach the boiling 
temperature xsat is then 2.9 hrl and is shorter than the 
characteristic length for velocity equilibrium. The Weber 
number (We) exceeds Wec downstream of the shock wave 
and droplet breakup occurs. The characteristic length for 
breakup xbr is defined as the distance from the shock wave 
and the position where We becomes below Wec in this study 
and is estimated as 4.9 hrl (Fig. 5(d)). Therefore, the droplet 
breakup ends downstream of the induction zone in the studied case. Indeed, droplet diameter rapidly 
decreases due to the breakup and then gradually decreases by evaporation as shown in Fig. 5(c). Moreover, 
the relative velocity decreased due to drag, which contributes to the decrease of the Weber number. The 
characteristic length for the evaporation is estimated based on the square of droplet diameter history after 
the breakup finishes and is estimated as 153.8 hrl. In order to estimate the influence of the water vapor due 
to evaporation on the reactivity of the mixture, Fig. 6 shows the Favre averaged Arrhenius, of which slope 
is the global activation energy. The latter does not change much between the two cases, as the amount of 
water coming from WDs evaporation within the induction zone is small (see Figs. 4(c), 4(d), 5(d)). 
Therefore, the increase of the reaction characteristic length is mainly due to the decrease in the detonation 
velocity. This is due to the interphase exchanges between the gaseous and the dispersed liquid phases, which 
occur mainly between the leading shock and the mean sonic plane. The different terms in the Favre averaged 
gaseous total energy are depicted in Fig. 7.  Each term decreases due to the interaction with WDs. The peak 
value for mechanical and thermal fluctuations is the same as that without WDs but the level of the 
fluctuations diminished with the interaction with WDs presence. From the above analysis, the characteristic 
lengths of detonation and interphase exchanges can be ordered as follows : xind < xsat < xbr < xreac < xHT < xeva 
< xeq,velo.  

4 Conclusions 

 In this study, the mean structure of gaseous detonation with dilute water spray is analyzed by 2D 
numerical simulations under present simulation conditions. The mean structure of gaseous detonation with 
dilute water spray shares similar structure with gaseous detonation without water spray, and the 
hydrodynamic thickness of the detonation is changed due to the interaction with water spray. The global 
two-phase exchanges (mass, momentum and energy exchanges) induce a decrease of the detonation velocity 
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within the hydrodynamic thickness. Droplet breakup occurs downstream of the induction zone and in our 
case, the water vapor from the evaporation of water spray does not affect the reactivity of gaseous detonation. 
The characteristic lengths of detonation and interphase exchanges have been ordered and have been shown 
to be intimately intertwined.   
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