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Numerical analysis on behavior of dilute water droplets in detonation
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Two-dimensional numerical simulations are conducted based on the Eulerian-Lagrangian method to model a gaseous detonation laden with monodispersed water droplets. The premixed mixture is a slightly diluted stoichiometric hydrogen oxygen mixture at low pressure. The outcome of the interactions of the droplet breakup with the cellular instabilities and the non-uniform flow behind the leading front is analyzed. The simulation results are also analyzed using instantaneous flow fields and Favre average profiles for water droplets. Breakup occurs mainly near the detonation front.

The mean final diameter of the water droplets at the end of the breakup process is the same regardless of the initial strength of the leading shock or whether it is lower or greater than the Chapman-Jouguet value. The polydispersity comes from local phenomena behind the leading shock, such as forward jets coming from triple point collisions, transverse waves and a combination of both. The total breakup time is longer than that estimated from post-shock conditions and the present finding is in line with the previous experimental results on spray detonation.

Introduction

Gaseous detonation is a self-sustained supersonic combustion wave that consists of a leading shock coupled with a reaction zone. Detonation phenomena have attracted considerable attention for propulsion applications and safety hazards avoidance. The rotating detonation engine (RDE) achieves a continuous thrust through detonation propagating in an azimuthal direction within the combustor and has higher theoretical thermal efficiency than the conventional internal combustion engines [START_REF] Wolanski | Detonative propulsion[END_REF]. In an RDE, the droplet size of nonvolatile fuels is known to be a key-parameter that affects injection design [START_REF] Wolanski | Detonative propulsion[END_REF]. Water spray can be used in the mitigation process of detonation, as demonstrated by Gerstein et al. [START_REF] Gerstein | Natural gas-air explosions at reduced pressure detonation velocities and pressures[END_REF] and also Thomas et al. [START_REF] Thomas | Studies of detonation quenching by water spray[END_REF] using fine sprays. However, Niedzielska et al. [START_REF] Niedzielska | Influence of water droplets on propagating detonations[END_REF] arrived at the same conclusion with a coarser spray. In addition, Thomas [START_REF] Thomas | On the condition required for explosion mitigation by water sprays[END_REF] argued that larger droplets can be active as they can generate smaller droplets by breakup.

Therefore, the optimal spray characteristics for the mitigation by water spray need to be clarified. The aim of this study is to deepen the understanding of the interplay between the liquid dispersed phase and detonation.

A study to clarify the structure of gaseous detonation with water droplets (WDs) was conducted by Jarsalé et al. [START_REF] Jarsalé | Ethylene-air detonation in water spray[END_REF] in an C2H4-air mixture with WDs. The cell size drastically increased and the velocity decreased as compared to the dry Chapman-Jouguet (CJ) velocity. However, Jarsalé et al. [START_REF] Jarsalé | Ethylene-air detonation in water spray[END_REF] did not clarify the precise behavior of the WDs in this process, namely their interactions with the detonation (e.g., their motion and the location of evaporation). Thus, Watanabe et al. [START_REF] Watanabe | Numerical investigation on propagation behavior of gaseous detonation in water spray[END_REF] performed a series of two-dimensional (2-D) numerical simulations based on the experiments of Jarsalé et al. [START_REF] Jarsalé | Ethylene-air detonation in water spray[END_REF] to analyze the structure of gaseous detonation through Favre averaged one-dimensional profiles. Characteristics similar to the experimental results were observed, such as a decrease in the detonation velocity and the change in the cellular structure after addition of WDs. The evaporation of WDs which is coupled with the detonation wave, significantly changed the detonation structure. However, Watanabe et al. [START_REF] Watanabe | Numerical investigation on propagation behavior of gaseous detonation in water spray[END_REF] did not consider droplet breakup that is likely to occur because of strong shocks within detonation conditions and that plays a crucial role in the generation of smaller droplets and enhance the twophase interactions. In a later study by Watanabe et al. [START_REF] Watanabe | Numerical analysis of the mean structure of gaseous detonation with dilute water spray[END_REF], the mean structure of gaseous detonation with dilute water spray was discussed based on results of 2-D simulations with breakup modeling, and the characteristic lengths of gaseous detonation and interphase exchanges were intimately intertwined. Yet, Watanabe et al. [START_REF] Watanabe | Numerical analysis of the mean structure of gaseous detonation with dilute water spray[END_REF] did not mention where the breakup occurs the most intensively and how the polydispersity comes from the initial monodispersed droplets.

The detonation front exhibits cellular instabilities, with an alternation of Mach stems and incident shocks of varying magnitude. Thus, the flow non-uniformities that a droplet will encounter during its lifetime in the detonation cell were analyzed. To the best of our knowledge, studies on the outcome of the interaction of the droplet breakup with the detonation instabilities are rare [START_REF] Dabora | Drop-size effect in spray detonation[END_REF][START_REF] Ragland | Observed structure of spray detonation[END_REF]. The total breakup time in the present simulation is in line with previous experimental studies on spray detonation [START_REF] Dabora | Drop-size effect in spray detonation[END_REF][START_REF] Ragland | Observed structure of spray detonation[END_REF]; this is so far the first time that such agreement has been obtained. Furthermore, the mechanism of the origin of polydispersity has been highlighted.

Mathematical modeling and the numerical method

The details of the mathematical modeling and the numerical method used in the in-house code written in Fortran90 are described in earlier studies [START_REF] Watanabe | Numerical analysis of the mean structure of gaseous detonation with dilute water spray[END_REF][START_REF] Watanabe | Gaseous detonation with dilute water spray in a two-dimensional straight channel: analysis based on numerical simulation[END_REF]. Therefore, only a brief description is presented here. In addition, the validation of the present numerical model has been addressed in previous studies [START_REF] Watanabe | Numerical investigation on propagation behavior of gaseous detonation in water spray[END_REF][START_REF] Watanabe | Numerical analysis of the mean structure of gaseous detonation with dilute water spray[END_REF][START_REF] Watanabe | Gaseous detonation with dilute water spray in a two-dimensional straight channel: analysis based on numerical simulation[END_REF]. All droplet breakup model had to be calibrated with experimental data at relevant flow conditions. However, there was no breakup model that has been developed for the current conditions (i.e., post-shock front in reacting flows along with multiple reflected shocks). Shock induced atomization is still a very active field of research. (see review of Theofanous [START_REF] Theofanous | Aerobreakup of Newtonian and viscoelastic liquids[END_REF] and more recent experimental work: Biasiori-Poulanges and El-Rabii [START_REF] Biariori-Poulanges | High-magnification shadowgraphy for the study of drop breakup in a highspeed gas flow[END_REF]). Nevertheless, the main factor to induce the droplet breakup is the relative velocity between the gas and droplet, and the current breakup model could take into account this fundamental phenomenon, which was validated through the comparison with an experiment on shock wave interactions with water droplets [START_REF] Watanabe | Numerical analysis of the mean structure of gaseous detonation with dilute water spray[END_REF]. Even if the uncertainties and the possible issues in the breakup model could cause variations in the outcomes of breakup process (i.e., the breakup time and the diameter after the breakup), the present simulation could qualitatively capture the fundamental physics of breakup and achieve the main objectives to reveal where the breakup occurs the most intensively and how the polydispersity comes from the initial monodisperse spray.

Governing equations

Detonation propagation in a water spray is related to two-phase flows of gas and droplets and was modeled using the Eulerian-Lagrangian method. The governing equations, combined with porosity for the gaseous phase, were the 2-D reactive compressible Navier-Stokes equations with source terms accounting for the chemical reactions and the interactions with the droplets [START_REF] Watanabe | Numerical analysis of the mean structure of gaseous detonation with dilute water spray[END_REF][START_REF] Watanabe | Gaseous detonation with dilute water spray in a two-dimensional straight channel: analysis based on numerical simulation[END_REF]. The chemical species were H2, O2, H, O, OH, H2O, HO2, H2O2 and N2. The equation of state was the perfect gas law. The detailed kinetics was that of Hong et al. [START_REF] Hong | An improved H2/O2 mechanism based on recent shock tube/laser absorption measurements[END_REF], with 9 species and 20 elementary reactions. The thermochemical species' properties were calculated using the JANAF polynomials [START_REF] Mcbride | Coefficients for calculating thermodynamic and transport properties of individual species[END_REF]. For the transport properties of all the species except HO2, a method proposed by Gordon et al. [START_REF] Gordon | Computer program for calculation of complex chemical equilibrium compositions and applications supplement I -transportpProperties[END_REF] was used to estimate the gas viscosity and thermal conductivity. For HO2 species, the viscosity and thermal conductivity were calculated using the Chapman-Enskog method [START_REF] Chapman | The mathematical theory of non-uniform gases third edition[END_REF] and the Eucken method [START_REF] Poling | The properties of gases and liquids[END_REF], respectively. The pure species' diffusion coefficients were evaluated using the Chapman-Enskog method [START_REF] Chapman | The mathematical theory of non-uniform gases third edition[END_REF]. The Wilke and the Wassiljewa methods were used to estimate the multicomponent gas viscosity and thermal conductivity, respectively.

Droplet motion was modeled by a particle-tracking method, whose the equations were a Newton's equation of motion, an energy equation, and a number density conservation equation. As the Biot number was much lower than unity, the temperature of the particle was considered to be uniform. The evaporation of WDs was determined by the model of Abramzon et al. [START_REF] Abramzon | Droplet vaporization model for spray combustion calculations[END_REF], the drag force by the model of Ling et al. [START_REF] Ling | Interaction of a planar shock wave with a dense particle curtain: Modeling and experiments[END_REF], and the convective heat flux using the Ranz-Marshall equation [START_REF] Ranz | Evaporation from drops Part I[END_REF]. Droplet breakup models can be found in [START_REF] Chauvin | Shock waves in sprays: numerical study of secondary atomization and experimental comparison[END_REF][START_REF] Pilch | Use of breakup time data and velocity history data to predict the maximum size of stable fragments for acceleration-induced breakup of a liquid drop[END_REF][START_REF] Gelfand | Droplet breakup phenomena in flows with velocity lag[END_REF][START_REF] Guildenbecher | Secondary atomization[END_REF][START_REF] Saurel | A multiphase model for compressible flows with interfaces, shock, detonation waves and cavitation[END_REF], and the model used in this study assumed that the droplet diameter decreases linearly during the breakup process [START_REF] Chauvin | Shock waves in sprays: numerical study of secondary atomization and experimental comparison[END_REF]. The maximum stable diameter followed from the stability criterion and the total breakup time was determined by Pilch and Erdman [START_REF] Pilch | Use of breakup time data and velocity history data to predict the maximum size of stable fragments for acceleration-induced breakup of a liquid drop[END_REF].

Numerical method

A classic splitting method was employed to couple the hydrodynamics with the detailed chemistry and the interphase exchanges. The convective terms were discretized by a fifth-order advection upstream splitting method using AUSMPW+, based on the MWENO-Z scheme [START_REF] Hu | A modified fifth-order WENOZ method for hyperbolic conservation laws[END_REF], and the diffusive terms by second-order central differential schemes.

The time-integration method was the third-order TVD Runge-Kutta method, and a multi-timescale method [START_REF] Gou | A dynamic multi-timescale method for combustion modeling with detailed and reduced chemical kinetic mechanisms[END_REF] was used for the time-integration of the chemical source terms.

The droplet equations were solved using first-order methods. The porosity was then calculated using the ratio of the total volume of droplets located in the computational cell to the computational cell volume, using a particle centroid method. The barycentric interpolation of Shimura and Matsuo [START_REF] Shimura | Two-dimensional CFD-DEM simulation of vertical shock wave-induced dust lifting processes[END_REF] was used to estimate the interphase exchanges.

Problem statement

The physical configuration related to the numerical simulation is depicted in Fig. 1, and the simulation condition was the same in our previous study [START_REF] Watanabe | Numerical analysis of the mean structure of gaseous detonation with dilute water spray[END_REF]. First, a fully developed gaseous detonation in the 39-mm-wide straight channel propagated within a stoichiometric H2-O2 premixed gas diluted with 40 % N2 and then interacted with the same premixed gas laden with WDs. The initial pressure and temperature were 10 kPa and 300 K, respectively. The WDs, whose initial diameter is 15.9 µm, were uniformly distributed, and the apparent density of the water was 5.5 g/m 3 . The wall was an adiabatic no-slip wall, and the left boundary was an outflow. The half reaction length (hrl) was 1696 µm. The minimum grid width was 50 µm, and the resolution was approximately 34 pts/hrl. The non-dimensional activation energy for this mixture in the present reaction model was 5.5, which could be classified as a weakly unstable mixture according to the stability analysis [START_REF] Austin | The Role of Instability in Gaseous Detonation[END_REF]. The role of the turbulent burning in the weakly unstables mixture is not important, contrary to highly unstable mixtures with irregular cellular structure [START_REF] Austin | The Role of Instability in Gaseous Detonation[END_REF][START_REF] Radulescu | The hydrodynamic structure of unstable cellular detonations[END_REF]. The development of vortical structures near shear layers associated with Kelvin-Helmholtz instability are not expected to increase the reaction rates in the case of low activation energy, i.e. our present case (see Massa et al. [32]). Whereas in the case of high activation energy cases, there is some evidence that the mixing between the burned and fresh gases in the shear layer may play a role in increasing the local reaction rates (see [START_REF] Massa | Triple-point shear layers in gaseous detonation waves[END_REF][START_REF] Radulescu | A detonation paradox: why inviscid detonation simulations predict the incorrect trend for the role of instability in gaseous cellular detonations?[END_REF]). The present phenomena could be well resolved with the present grid resolution.

A recycling block method [START_REF] Sow | On the viscous boundary layer of weakly unstable detonation in narrow channels[END_REF] was used to reduce the computational cost with a smaller computational domain, and it allowed the detonation to run a long-enough distance to compute the mean and statistical values. The length of the computational domain with minimum grid size was set to 120 mm and the computational domain encompassed the mean leading shock front and the mean sonic plane [START_REF] Watanabe | Numerical analysis of the mean structure of gaseous detonation with dilute water spray[END_REF]. The detonation had propagated over a distance of 900 mm. Then, the mean and statistical values were calculated based on the 2-D data from 300 mm to 900 mm after the first contact with WDs. Figure 3a illustrates the flow field of diameter, which decreased in two steps, with the first one being steeper near the detonation front than the second one. These were due to breakup and evaporation, respectively. Moreover, the relative velocity between phases in Fig. 3b was the highest downstream of the transverse waves and in the forward jets that resulted from triple point collisions. These regions were thus prone to aero-breakup. As droplets moved further away from the leading incident and Mach shocks, the relative velocity and the diameter decreased such that the Weber number dropped below the critical Weber number (We ! ), where droplets were stable. This could also be inferred from Fig. 4 which illustrates the production rate whose expression is 𝑛̇= 3𝑛/𝜏 "#" ⋅ (1 -𝑑 $ /𝑑), with the total breakup time 𝜏 "#" determined from the Ranger-Nicholls time scale 𝜏 = 𝑑/|Δ𝑢 2⃗| ⋅ (𝜌 %&' /𝜌 ()* ) +/-, Δ𝑢 2⃗ being the relative velocity between phases [START_REF] Chauvin | Shock waves in sprays: numerical study of secondary atomization and experimental comparison[END_REF], and 𝑑 $ the stable diameter determined from We ! . The total breakup time was then shorter in these regions where the relative velocity was the highest. The first finding of the inhomogeneous droplet breakup process within the detonation cell is illustrated in the schematics of Fig. 5. After the leading shock of the detonation impinged the droplet, it was atomized; this process was then enhanced within four preferential regions (red squares in Fig. 5); within the jets, downstream of the transverse waves, after the collision of the transverse waves and triple points, and the interaction between the receding jet and the transverse waves, due to shorter total breakup times. 

Results and discussion

Global features of droplet breakup in the detonation cell

Droplet breakup time and final diameter

All these local phenomena took place just downstream of the shock front. To determine the outcome of the parent droplet, a scatter plot in Fig. 6 illustrates the droplet breakup characteristic time as a function of the initial estimation of the Weber number from the first shock impingement. As might have been expected from the curvature and the unsteadiness of the leading front, the computations indicated a broad spectrum of non-dimensional total breakup time which was no longer single in contrast from the shock-induced secondary atomization. The total breakup times from the simulation were also much longer than those uniquely determined from the post-shock conditions, as the gaseous velocity decreased in the laboratory frame because of heat release, and also as the relative velocity decreased because of momentum transfer. The post-shock estimation would be ≲5 (solid line in Fig. 6). The mean non-dimensional total breakup time from the numerical To summarize the main finding in Section 3.2.

The breakup occurs primarily by

• the transverse wave • the collision of the transverse wave • the jet • the interaction between the jet and transverse

The droplet breakup time becomes longer and the equilibrium diameter is larger than the initial estimation at the first contact with sho due to the short duration for front condition. who roughly estimated 14 from experimental observation. They also highlighted "the varying dynamic pressure due to the continuously changing conditions behind the front"; from a simulation, the variation of the dynamic pressure from the shock front to the position where the breakup was completed, was decreased to one forth of the post-shock value.

The final droplet diameter was polydispersed, even if the initial diameter is monodispersed. The effect of the initial shock strength (see Fig. 7 for the mapping) on the droplet behavior can be seen in Fig. 8.

The shock strength was defined as weak for regions where the normalized propagation velocity was below 0.9 (blue in Fig. 8) and strong for a normalized propagation velocity greater than 1.1 (red in Fig. 8). The other region around the CJ value was regarded as moderate (green in Fig. 8). (a)

Droplets experiencing the same initial shock strength were grouped and the droplet behavior was analyzed in each group. For that, WD Lagrangian data were projected on the Eulerian grid so that multiphase Favre average values [START_REF] Radulescu | A detonation paradox: why inviscid detonation simulations predict the incorrect trend for the role of instability in gaseous cellular detonations?[END_REF][START_REF] Sow | Mean structure of one-dimensional unstable detonation with friction[END_REF] could be evaluated. Figure 8a presents the mean Weber number for the three groups. Whatever the group, it arrived below the critical Weber number (~12) at an approximate distance of 5 hrl, which meant that atomization was not likely to happen beyond that limit, and that the characteristic breakup length for each group was almost the same. The Weber number, which is highest after the shock, fell below the critical Weber number, which was due to a decrease in the droplet diameter toward its equilibrium value, but also due to the decrease in the relative velocity between phases. The difference between the three profiles came from their different initial post-shock values. Figure 8b presents the probability density function (pdf) for the three groups at the end of breakup, which are rather similar. With this in mind, even if the droplet had experienced an initial shock, the strength of which can vary greatly during the course of the cell (see the Weber number in Fig. 8a), the aforementioned non-uniform flow downstream of the shock acted to regularize any differing initial conditions, ultimately resulting in almost identical pdf. Figure 8c illustrates the evolution of the pdfs from the shock front, which emphasizes that the initial strength did not play a role in the polydispersity of the spray. Moreover, the initial shock strength did not affect the mean diameter (see Fig. 8d). Two slopes can also be seen in Fig. 8d: The first one is due to breakup, and the second one is due to evaporation, which takes over after ~5 hrl.

Therefore, in order to gain further insight into the origin of the polydispersed character of WDs, the history of the droplets whose the final diameter is known, has been tracked back. From the final droplet diameter at the end of breakup (see Fig. 8b), two groups of droplets can at least be distinguished: those in which the final diameter is less than 4 µm and those in which the final diameter is between 5 and 6 µm. Figures 9a, 9b, 9c, 9d, and 9e present the mean Weber number profiles and the evolution of the pdf for these two groups of droplets from the shock to the end of the breakup process, mean droplet diameter profiles, and mean droplet mass ratio profiles. Figure 10 illustrates the instantaneous field of the final diameter at the end of breakup at their actual position. It is superimposed with Schlieren density. The mean Weber number profiles were similar (Fig. 9a). Near the front at 0.5 hrl (Fig. 9b), the two pdf were similar. In the middle of the breakup process at 3.0 hrl from the front (Fig. 9b), the distribution started to change for the smaller final diameter, and the two peaks could be observed for this first group, which became one at the end of breakup (Fig. 9c). According to Fig. 10, this meant that the droplet breakup for smaller final droplets was enhanced by one of the events mentioned in Section 4.1, in contrast with the larger final diameter. Figure 9d indicates that the mean diameter for both groups was the same, except near the end of breakup (~3-5 hrl). Moreover, polydispersity also played a key role in the evaporation process that took over afterwards (Figs. 9d and9e).

Conclusions

Because of cellular instabilities, the different portions of the detonation front were curved and highly unsteady.

Thus, the histories and outcomes of the monodispersed spray of droplets from breakup during the course of the shock in the cell might have been expected to differ between droplets. However, the pdf of droplet diameters at the end of breakup were the same, regardless of the initial strength of the shock, whether it was greater or lower than the CJ value, probably meaning that an average dynamic pressure could be used to estimate the final droplet diameter. Moreover, the polydispersity of the spray, which is of importance for evaporation, comes mainly from local phenomena, downstream of the shock, such as jets coming from triple point collisions and transverse waves, and a combination of both. The total breakup time was longer than that estimated from the post-shock conditions and the present finding is in line with the previous experimental results on spray detonation. Pilch and Erdman [START_REF] Pilch | Use of breakup time data and velocity history data to predict the maximum size of stable fragments for acceleration-induced breakup of a liquid drop[END_REF]. 
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