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a b s t r a c t 

Interactions between a propagating hydrogen/air detonation wave and circular water cloud are studied. 

Eulerian-Lagrangian method involving two-way gas-droplet coupling is applied. Different droplet (diam- 

eter, concentration) and cloud (diameter) properties are considered. Results show that droplet size, con- 

centration and cloud radius have significant effects on peak pressure trajectory of the detonation wave. 

Three propagation modes are identified: perturbed propagation, leeward re-detonation, and detonation 

extinction. Leeward re-detonation is analyzed from unsteady evolutions of gas and liquid droplet quanti- 

ties. The detonation is re-initiated by a local hot spot from shock focusing of upper and lower diffracted 

detonations. Disintegration of water droplets proceeds when the detonation wave crosses the cloud. In 

addition, detonation extinction is featured by quickly fading peak pressure trajectories when the deto- 

nation wave passes the larger cloud, and no local autoignition occurs in the shock focusing area. Evolu- 

tions of thermochemical structures from the shocked area in an extinction process are also studied. The 

transfer rates of mass, energy and momentum of detonation success and failure are analyzed. Moreover, 

parametric studies demonstrate that the critical cloud size to quench a detonation decreases when the 

droplet concentration is increased. However, when the droplet concentration is beyond 0.84 kg/m 

3 , the 

critical cloud size is negligibly influenced due to small droplets. Two-phase fluid interfacial instability is 

observed, and the mechanism of cloud evolution is studied with the distributions of droplet, vorticity, 

density / pressure gradient magnitudes, and gas velocity. Analysis confirms that velocity difference (due 

to two-phase momentum exchange) dominates the formation of large-scale vortices from the southern 

and northern poles, corresponding to Kelvin–Helmholtz instability. Moreover, the influences of effective 

Atwood number on the evolutions of cloud morphology, vorticity, and gas velocity are evaluated. Results 

show that higher droplet concentration results in wider droplet dispersion range due to larger vortices. 

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Hydrogen (H 2 ), as a clean fuel, has been deemed a promising 

olution to reduce carbon emissions from fossil fuel combustion. 

onetheless, H 2 leakage, e.g., from pressurized tanks, may cause 

gnition and even detonation, due to its low ignition energy and 

ide flammability limit. Therefore, inhibition of H 2 explosion haz- 

rds is crucial to materialize its wide applications in the foresee- 

ble future. Water spray with fine droplets is an ideal inhibitor for 

as explosions [1] , because it can absorb heat from gas phase due 

o large heat capacity, latent heat of evaporation and specific sur- 

ace area. 

Numerous studies about shock or blast attenuation by water 

prays have been reported, as summarized in Ref. [2] . For instance, 

ourdan et al. [3] use water aerosol shock tube experiments to 
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tudy shock attenuation in a cloud of water droplets, and corre- 

ate the degree of shock attenuation with shock tube and droplet 

roperties. Using the similar facilities, Chauvin et al. [4] find the 

eculiar pressure evolution after the transmitted shock in two- 

hase mixture. They also observe that the overpressure peak in- 

ide the water cloud decreases with increased cloud height and 

ecreased shock intensity. Adiga et al. [5] unveil the physical pic- 

ure of fine water droplet breakup upon shock passage, and they 

nd that the evaporation energy is important in weakening the 

hock, whilst the droplet breakup energy is secondary. Moreover, 

ulerian −Lagrangian simulations are performed by Ananth et al. 

6] to examine the effects of fine water mists on a confined blast. It 

s concluded that the latent heat absorption is dominant for blast 

itigation, followed by convective heat transfer and momentum 

xchange. Schwer and Kailasanath [7] simulate unconfined explo- 

ions in water sprays, but find that momentum extraction by wa- 

er droplets plays a more important role than droplet evaporation 

n weakening the blast. Shibue et al. [8] numerically study the 
. 

https://doi.org/10.1016/j.combustflame.2022.112369
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
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last-mitigation effect resulting from the quasi-steady drag force 

etween the shocked air and stationary water droplets. Their re- 

ults demonstrate that higher momentum loss of the air results in 

reater blast inhibition. 

There are also studies on the performance of water sprays in 

erms of detonation inhibition. Thomas et al. [9] , for example, at- 

ribute detonation failure to high heat loss by water droplets, and 

ater droplet diameter and loading are identified as the key fac- 

ors. Niedzielska et al. [10] also observe that small droplets have 

trong influence on quenching a detonation due to their fast evap- 

ration rate. Jarsalé et al. [11] find that water droplets do not al- 

er the ratio of hydrodynamic thickness to detonation cell size, but 

an influence the detonation stability. Moreover, a global reduction 

f the average cell size with equivalence ratio is observed, based 

n a given water mass fraction. Besides the foregoing experimen- 

al work, Watanabe et al. [12] observe from their simulations that 

he cellular structures of hydrogen detonations with water sprays 

ecome more regular, compared to the droplet-free detonations. 

heir results also show that droplet breakup mainly occurs near 

he shock front, and the average diameter of the disintegrated wa- 

er droplets is independent on the initial propagation speed of the 

hock front [13] . Shi et al. [14] simulate the effects of a water

urtain on incident methane detonation and reveal that the water 

urtain not only weakens the incident detonation wave, but also 

revent re-ignition of the quenched detonation. Moreover, their 

esults show that the convective heat transfer by water droplets 

lays a significant role in quenching a detonation. 

More recently, Xu and Zhang [15] study the unsteady phenom- 

na in hydrogen/oxygen/argon detonation with water mists based 

n a one-dimensional configuration. They find that water mists 

esult in detonation galloping motion and even failure, but these 

ffects depend on droplet properties. Furthermore, propagation 

egimes (i.e., failure or successful transmission) of two-dimensional 

ydrogen/air detonations in water mists are predicted in parame- 

er space of droplet loading and diameter by Xu et al. [2] . They

lso analyze the evolutions of the characteristic chemical structure 

etween the reaction front and shock front for both propagating 

nd failed detonations. In addition, it is found that the interphase 

nergy and momentum transfer have more direct influence on the 

nduction zone than water droplet evaporation. 

In most preceding studies (e.g., [2] -[15]), sprayed water is con- 

idered as a flooding species in the entire studied domain. How- 

ver, such idealized distributions would be practically rare, con- 

idering relatively long droplet dispersion timescale compared to 

hat of detonation wave (DW). Instead, water droplets for explo- 

ion suppression are largely generated from sprinklers, which lead 

o small-range water spray cloud when they are activated. How- 

ver, how a DW interacts with a localized water cloud and the con- 

guration of water cloud (such as the cloud size or spray droplet 

iameter) for detonation inhibition have not been fully understood 

et. 

In this work, hydrogen/air detonations interacting with a cir- 

ular water spray cloud are simulated. This problem essentially 

mbodies a wealth of interesting physico-chemical processes, e.g., 

etonation/shock diffraction and refraction, detonation extinction 

nd re-initiation, droplet breakup and vaporization, shock focus- 

ng, as well as multiphase fluid interfacial instability. The Eulerian- 

agrangian method considering two-way gas −liquid coupling will 

e used. The overarching objectives of our studies are to clarify: 

1) the effects of water cloud / droplet properties on incident det- 

nation dynamics; and (2) how the shocked water cloud evolves 

ith fluid interfacial instability behaviours. The results from this 

ork will be useful to provide scientific evidence for mechanism 

nd performance of hydrogen detonation inhibition with water 

prays, as well as for fundamentals of interfacial instability in two- 

hase flows. The rest of the manuscript is structured as below. The 
2 
athematical model and numerical method will be presented in 

ection 2 , whilst the physical model and numerical implementa- 

ion will be clarified in Section 3 . The results and discussion will 

e detailed in Section 4 , followed by main conclusions in Section 5 .

. Mathematical model 

The Eulerian-Lagrangian method is used to simulate the 

as –droplet two-phase compressible reactive flows. The details of 

he mathematical model can be found in our recent work [ 2 , 15 ],

nd therefore only brief descriptions are presented below. 

For the Eulerian gas phase, the governing equations of mass, 

omentum, energy, and species mass fraction are solved. They re- 

pectively read [ 16 , 17 ]: 

∂ ( αρ) 

∂t 
+ ∇ · [ αρu ] = S mass (1) 

∂ ( αρu ) 

∂t 
+ ∇ · [ u ( αρu ) ] + α∇p + ∇ · ( αT ) = S mom 

(2) 

∂ ( αρE ) 

∂t 
+ ∇ · [ u ( αρE + αp ) ] + ∇ · [ αT · u ] 

+ ∇ · ( α j ) + p 
∂α

∂t 
= α ˙ ω T + S energy (3) 

∂ ( αρY m 

) 

∂t 
+ ∇ · [ u ( αρY m 

) ] + ∇ · ( αs m 

) 

= α ˙ ω m 

+ S species,m 

, ( m = 1 , . . . M − 1 ) (4) 

In above equations, α is the volume fraction of gas phase, which 

s calculated from α = 1 − ∑ 

V d /V c , in which 

∑ 

V d is the total vol-

me of water droplets in a CFD cell and V c is the cell volume. t

s time and ∇ · (·) is the divergence operator. ρ is the gas density, 

nd u is the gas velocity vector. p is the pressure, calculated from 

deal gas equation of state. T is the viscous stress tensor, whilst j 

s the diffusive heat flux. E is the total non-chemical energy. Also, 

he term ˙ ω T represents the heat release from chemical reactions. 

 m 

is the mass fraction of m -th species, and M is the total species

umber. s m 

is the species mass flux, and ˙ ω m 

is the reaction rate of 

 -th species by all N reactions. 

For the liquid phase, the Lagrangian method is employed to 

rack the individual droplets. Point droplet assumption is used. The 

ows around the droplets are not resolved, and the heat, mass and 

omentum exchanges between two phases are modelled. Droplet 

ollisions are neglected because the momentum response time is 

uch shorter than the particle collision time for dilute sprays 

17] . Droplet breakup occurs primarily near the shock front [13] . 

t would create finer droplets, which have faster evaporation and 

eat absorption from the gas phase [5] . Here, droplet breakup by 

erodynamic force from shock impacting is modelled following 

ilch and Erdman [18] . Droplet breakup normally occurs above a 

eber number W e of 12 [19] , although it is certainly affected by 

he Ohnesorge number. Different breakup modes can be modelled 

ased on the total breakup time [18] . It is also assumed that the 

emperature inside the droplets is uniform due to their small Biot 

umbers ( < 0.0013). Gravitational force is not considered due to 

mallness of the droplets. Therefore, the equations of mass, veloc- 

ty and temperature of a single droplet read 

dm d 

dt 
= − ˙ m d , (5) 

du d 

dt 
= 

F d + F p 

m d 

, (6) 

c p,d 

dT d 
dt 

= 

˙ Q c + 

˙ Q lat 

m 

, (7) 

d 
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here m d is the mass of a single droplet. ˙ m d is the droplet evap- 

ration rate, estimated from ˙ m d = k c A d W d ( c s − c g ) [17] . This model

s also used by Duke-Walker et al. [20] , demonstrating good ac- 

uracies in capturing droplet evaporation after shock passage. A d 

s the surface area of a single droplet, k c the mass transfer co- 

fficient, and W d the molecular weight of the vapor. c S and c g 
re the vapor mass concentrations at the droplet surface and in 

he gas phase, respectively. The mass transfer coefficient, k c , is 

alculated from the Sherwood number Sh [21] , Sh ab = k c d d /D f =
 . 0 + 0 . 6 Re 1 / 2 

d 
Sc 1 / 3 , where Sc is the Schmidt number of gas phase.

he droplet Reynolds number, Re d , is defined based on the in- 

erphase velocity difference, Re d ≡ ρd d | u d − u | /μ. Here u d is the 

roplet velocity vector and μ is the gas dynamic viscosity. More- 

ver, D f in Sherwood number equation is the vapor mass diffusiv- 

ty in the gas phase, and is estimated from [22] , D f = 10 −3 T 1 . 75 
s /p s ·

 

1 /W d + 1 /W m 

/ ( V 1 / 3 
1 

+ V 1 / 3 
2 

) 
2 
, where V 1 and V 2 are constants 

23] . 

In Eq. (6) , the pressure gradient force F p is calculated as F p =
V d ∇p, in which V d is the volume of a droplet. The total drag

orce F d is F d = ( 18 μ/ρd d 
2 
d 
) · (C d Re d / 24) · m d ( u − u d ) . Here Re d is

he droplet Reynolds number, C d the drag coefficient predicted 

y Schiller and Naumann model [24] , ρd the water material den- 

ity, d d the droplet diameter, and u the gas velocity vector at the 

roplet location. The effects of compressibility and droplet volume 

raction are not considered in the drag force due to dilute small 

roplets. 

In Eq. (7) , c p,d is the droplet heat capacity, and T d is the droplet

emperature. The convective heat transfer rate ˙ Q c = h c A d ( T − T d ) , 

here T is the gas temperature at the droplet location and h c is 

he convective heat transfer coefficient, estimated with Ranz and 

arshall correlations [21] . ˙ Q lat is the latent heat transfer rate by 

roplet evaporation. Two-way coupling between gas and droplets 

re implemented for mass, momentum, and energy exchanges 

hrough the source terms of S mass , S mom 

, S energy and S species,m 

in 

qs. (1) - 4 ), based on the Particle-source-in-cell (PSI-CELL) method 

25] . 

The gas and liquid phase equations are solved using an Open- 

OAM solver RYrhoCentralFoam [26–28] . Detailed validations and 

erifications have been done against experimental and/or theoret- 

cal data for a wide range of benchmarking problems [26] , includ- 

ng shock capturing, shock-eddy interaction, molecular diffusion, 

ame-chemistry interactions, single droplet evaporation, and two- 

hase coupling, and detonation cell size. Therefore, accuracies of 

he RYrhoCentralFoam solver have been quantitatively assessed. Its 

ecent applications can be found from Refs. [ 2 , 15 , 27 , 29 , 30 ]. 

For the gas phase equations, second-order backward scheme is 

mployed for temporal discretization and the time step is about 

 × 10 −10 s. The maximum Courant number is 0.1. A MUSCL- 

ype scheme [31] with van Leer limiter is used for convective 

ux calculations in the momentum equations. Total variation di- 

inishing scheme is applied for the convection terms in the en- 

rgy and species equations. Also, second-order central differenc- 

ng is applied for all diffusion terms. A detailed mechanism with 

3 species and 27 reactions [32] is used for hydrogen combustion. 

or the liquid phase, Eqs. (5) - (7) are integrated with a Euler im-

licit method and the right terms are treated with a semi-implicit 

pproach. Details about the numerical method can be found in 

efs. [ 2 , 26 ]. 

. Physical model and numerical implementation 

Previous studies have been shown that 2D detonation simula- 

ions can reproduce key detonation characteristics predicted with 

D simulations [33–35] , such as C 

–J speed, transverse wave speed, 

nd cell size. The schematic of the physical problem is shown in 
3 
ig. 1 (a). The length ( L , x -direction) and width ( W ) of the compu-

ational domain are 0.3 m and 0.025 m, respectively. It includes 

 driver section ( x = 0–0.19 m, not shown here) and detona- 

ion −cloud interaction section ( x = 0.19–0.3 m). One circular cloud 

s beforehand placed in the second section, to mimic the water 

prays generated from a sprinkler to inhibit explosion accident in 

eal applications. The cloud contains many water droplets, and the 

ctual droplet number is determined from the initial droplet diam- 

ter d 0 
d 

and droplet concentration c. As demonstrated in Fig. 1 (a), 

he cloud diameter is aligned with y = 0 (termed as “centerline”

ereafter). The cloud leftmost point (see Fig. 1 a) always lies at 

0.19375 m, 0 m); instead, the cloud center, ( x c , 0), is varied when

he cloud radius R is changed. Based on our numerical tests, chang- 

ng the water cloud location (e.g., slightly off-centerline or down- 

tream) almost does not change the overall fate (i.e., transmission 

r failure) of the incident DW across the cloud. However, different 

loud locations still have some influence on propagation of the det- 

nation waves, particularly for the diffracted detonations, as shown 

n Fig. S1 of the supplementary document. In this study, a water 

loud is parameterized by its geometry ( R or x c ) and droplet prop-

rties ( d 0 
d 

and c). 

Initially ( t= 0), the entire domain is filled with stoichiometric 

 2 /air mixture, with temperature and pressure being T 0 = 300 K 

nd p 0 = 50 kPa, respectively. The detonation is initiated by three 

ertically placed hot spots (20 0 0 K and 5 MPa) near the left end

 x = 0 m), as plotted in Fig. 1 (b). These hot spots produce an

verdriven planar detonation wave at the beginning, which trans- 

its into a cellular detonation before reaching the cloud. Inside 

he cloud, mono-sized water droplets (diameter d 0 
d 

= 1–15 μm , 

nd concentration c = 0.105–1.68 kg/m 

3 ) are uniformly distributed. 

hey are static ( u 

0 
d 

= 0) before the detonation wave arrives. Their 

nitial temperature, material density and heat capacity are 300 K, 

97 kg/m 

3 and 4187 J/kg/K, respectively. The radius of the wa- 

er cloud, R , varies from 0.00625 to 0.0125 m, corresponding to 

5 −50% of the domain width W . 

The upper and lower boundaries of the domain in Fig. 1 are 

eriodic. For the left boundary ( x = 0), the non-reflective condi- 

ion is enforced for the pressure, while the zero-gradient condition 

pplied for other quantities. For the boundary at x = 0.3 m, zero 

radient is assumed for all variables [36] . 

The domain in Fig. 1 is discretized with uniform Cartesian cells 

f 20 × 20 μm 

2 . In our simulations, adaptive mesh refinement is 

ot used. The half-reaction length in the ZND structure of stoichio- 

etric H 2 /air detonation under the current investigated conditions 

s approximately 382 μm . Therefore, over 19 cells can be expected 

n the induction zone in our simulations, because of the thickened 

ydrodynamic structure due to droplet breakup, heating and va- 

orization [ 2 , 12 ]. Besides, mesh sensitivity is tested, showing that 

he detonation cellular structure is almost not affected when the 

esh size is 10 × 10 μm 

2 (see Fig. S2 of the supplementary docu- 

ent). Moreover, we assess the relative errors of droplet evapora- 

ion timescale [37] with current Eulerian mesh resolution and La- 

rangian droplet size, and find that they are generally below 10% 

ue to the strong Peclet number effects in detonated flows (see Fig. 

3 of the supplementary document). This is consistent with our 

revious finding from 1D gas-droplet detonation modeling [15] and 

ence confirms the accuracy of droplet evaporation predictions in 

ur simulations. 

. Results and discussion 

.1. Water droplet size and concentration effects 

The water droplet size and concentration effects will be first 

tudied in this section, whilst the cloud size effects will be dis- 

ussed in Section 4.3 . Figure 2 shows the evolutions of peak pres- 
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Fig. 1. (a) Schematic of detonation-cloud interactions. R : cloud radius. Domain and droplet sizes not to scale. (b) Locations of the hot spots. 

Fig. 2. Trajectories of peak pressure with various droplet concentrations. d 0 
d 
= 2.5 μm and R = 0.25 W . Axis label unit: m. 
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ure trajectories in detonation-cloud interactions with different 

roplet concentrations c. The initial droplet diameter and cloud 

adius are fixed to be 2.5 μm and R = 0.25 W , respectively.

he cloud-free ( c = 0) results are shown in Fig. 2 (a) for com-

arison. Evident from Fig. 2 is that the detonation cellular struc- 

ures change, with different degrees, after the DWs cross the wa- 

er clouds (initial position marked as blue circles, and their move- 
4 
ent will be discussed in Section 4.4 ). For low droplet concentra- 

ion, e.g., c = 0.105 kg/m 

3 in Fig. 2 (b), the averaged cell width be-

ind the water cloud is slightly increased, indicating the enhanced 

rontal instability in the post-cloud area. Moreover, the peak pres- 

ures inside the cloud are reduced, indicating the reduced chemical 

eactivity at the triple points of the refracted DW due to droplet 

eating and evaporation. Nonetheless, the cell size and regularity 
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Fig. 3. Trajectories of peak pressure with various droplet diameters. c = 0.84 kg/m 

3 and R = 0.25 W . Axis label unit: m. 
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re quickly restored when x > 0.23 m. We term this mode as per-

urbed propagation . 

When c ≥ 0.84 kg/m 

3 , maximum pressures are immediately re- 

uced to below 1 MPa in the cloud and the cellular structures are 

ot observable (see Fig. 2 c and 2 d). This means that the chemical

eactions at the triple points are significantly weakened because 

f the high-concentration water mists. Actually, the refracted DWs 

n the cloud experience localized extinctions, featured by decou- 

led shock front (SF) and reaction front (RF) at most locations of 

he detonation front. Downstream the southern/northern poles, the 

eak pressures from the diffracted DWs are also significantly re- 

uced, which may indicate detonation failure after diffraction. Be- 

ind the cloud, the peak pressure trajectories become blurred. 

A horizontal black strip with high overpressure extends from 

he downstream pole, which corresponds to the evolution of an ig- 

iting hot spot (labelled with AS in Fig. 2 c) due to shock compres-

ion. In Fig. 2 (c) and 2(d), at about x = 0.22 m, the strip bifurcates

nto two thick trajectories, which are the upper and lower trans- 

erse detonation connected with a Mach stem generated from a re- 

nitiation process. At x = 0.24 m, cellular structures appear again. 

he mean cell widths are close (about 1.9 mm) in Fig. 2 (c) and

(d), similar to that (1.7 mm) before the DW interacts with the wa- 

er cloud. The restoration of the detonation cell is because the new 

W is ignited in the pure gas environment, and the frontal stabil- 

ty shows limited changes before and after the cloud. The distance 

etween the cloud upstream pole and minimum x coordinate with 

lear cellular structure can be defined as DW restoration distance, 

hich is L RES ≈ 41 mm in Fig. 2 (c) and 2(d). We term this pro-

ess as leeward re-detonation . The detailed transients and underly- 

ng mechanism will be discussed in Section 4.2 . From this mode, 

he useful implication for practical hydrogen detonation mitigation 

mplementation is that the overpressure only in some areas, i.e., 

mmediately downstream of the cloud, can be reduced. Nonethe- 

ess, the detonation wave cannot be ultimately quenched by a sin- 

le cloud of the studied properties in Fig. 2 . 

Figure 3 presents the peak pressure trajectories with varying 

roplet diameters, d 0 
d 

= 1, 5, and 15 μm. Here c = 0.84 kg/m 

3 and

 = 0.25 W . Note that the results of 2.5 μm are already shown in
5 
ig. 2 (c). For small droplets (e.g., 1 and 5 μm), the DWs experi- 

nce leeward re-detonation process and the evolutions of cellular 

tructures are like what have been discussed in Fig. 2 (c). Their DW 

estoration distances are respectively about 43 and 41 mm, anno- 

ated in Fig. 3 (a) and 3(b). However, for large droplets in Fig. 3 (c),

W extinction does not occur because of slower interphase ex- 

hange rates for mass and energy; instead, only perturbed DW 

ropagation occurs. Specifically, the detonation cells become more 

rregular, and the averaged cell width is increased, corresponding 

o more unstable front after it crosses the cloud. 

The speeds of the lead shocks when they propagate inside 

he cloud with various droplet concentrations and diameters are 

hown in Fig. 4 . They are scaled by the C-J speed of droplet-free

 2 /air mixture, i.e., D CJ = 1961 m/s. Cloud-free case (black line) is 

ncluded for comparison. Generally, the water cloud exhibits sig- 

ificant effects on the shock propagation. The shock speed within 

he cloud is lower than D CJ . It decreases when the droplet concen- 

ration (diameter) becomes larger (smaller). This tendency is as- 

ociated with increased heat and momentum transferred from the 

ackground gas to the dispersed phase. For those extinction / re- 

etonation scenarios, e.g., c = 1.26 kg/m 

3 in Fig. 4 (a) or d 0 
d 

= 1 μm

n Fig. 4 (b), the shock speed is even as low as 0.4–0.5 D CJ . 

Detonation-cloud interactions are further simulated considering 

 broader range of droplet concentration and diameter. We com- 

are the average lead SF propagation speed in the cloud, D , which 

s calculated from the cloud diameter ( 2 R ) divided by the time du-

ation with which the shock respectively crosses the upstream and 

ownstream poles along the centerline ( y = 0). Plotted in Fig. 5 

re the lead SF speed D when the cloud size is R = 0.25 W . Due

o relatively small cloud size, detonation full extinction (i.e., SF- 

F decoupling) does not occur in all simulated cases; instead, only 

erturbed propagation and leeward re-detonation modes are ob- 

erved, which are distinguished in Fig. 5 with solid and open sym- 

ols, respectively. Note that the speed in the cloud-free case is cal- 

ulated based on the time for the DW to pass the upstream and 

ownstream poles of the cloud, although the cloud is not placed. 

ne can see that perturbed detonation propagation only occurs 

hen the droplet size is large and water concentration is small. 
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Fig. 4. Lead shock speed in the cloud as a function of droplet concentration (a) and diameter (b). R = 0.25 W . The droplet diameter in Fig. 4 (a) is 2.5 μm , and the droplet 

concentration in Fig. 4 (b) is 0.84 kg/m 

3 . 

Fig. 5. Average shock speed for crossing water cloud as a function of droplet concentration and diameter. R = 0.25 W . 
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enerally, D is below the DW propagation speed in the cloud-free 

ase. For a constant droplet concentration (e.g., 0.84 kg/m 

3 ), D de- 

reases when the droplet size becomes smaller. This is because the 

maller diameter corresponds to a larger specific surface area, and 

herefore faster interphase exchange of mass, momentum, and en- 

rgy. Moreover, when the droplet diameter is fixed (e.g., 15 μm ), D 

ecreases with c. This is caused by the enhanced influences of fine 

roplets on the DW due to increased droplet concentration. Mean- 

hile, the dependence of SF speed on the droplet concentration 

ecomes more pronounced when the droplet size is smaller. 

.2. Leeward re-detonation 

The leeward re-detonation will be further interpreted based on 

he case of c = 0.84 kg/m 

3 , d 0 
d 
= 2.5 μm , and R = 0.25 W . This
6 
orresponds to Fig. 2 (c). Following Ling et al. [38] and Sommer- 

eld [39] , the heterogeneous mixture of gas and droplets inside the 

loud can be deemed a “equivalent fluid”. The initial density and 

ound speed of this equivalent fluid are 1.26 kg/m 

3 and 210 m/s, 

espectively. The specific acoustic impedance (product of density 

nd sound speed) is hence about 264 kg/m 

2 /s, slightly higher than 

hat of the surrounding gas (171 kg/m 

2 /s). Due to the impedance 

ismatch at the cloud boundary, the cloud acoustically behaves 

ike a “converging lens”, leading to refraction and diffraction of 

he incident DW [ 40 , 41 ]. However, since the impedance difference 

s still limited due to dilute droplet concentrations, no reflected 

hocks from the upstream boundary are observed. 

Figure 6 shows the time sequence of gas temperature dur- 

ng a leeward re-detonation process. An animation of this event 

s available in the supplementary material. Specifically, at 2 μs 
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Fig. 6. Evolutions of gas temperature in a leeward re-detonation process. c = 0.84 kg/m 

3 , d 0 
d 
= 2.5 μm , R = 0.25 W . Axis label unit: m. Dashed lines: cloud boundary; RF/SF: 

reaction/shock fronts; AS: auto-ignition spot; TDW: transverse detonation wave. 
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n Fig. 6 (a), the temperature behind the refracted DW inside the 

loud (marked as inner DW) is reduced to around 2150 K, much 

ower than that before the DW arrives at the cloud. At 6 μs , the

F and SF inside the cloud decouple. The RF is featured by fur- 

her reduced temperature ( ∼1600 K) and HRR ( ∼1 × 10 12 J/m 

3 /s). 

owever, beyond the cloud, the detonation wave (termed as outer 
7 
W) remains. The outer DW starts to diffract after passing the 

outhern/northern poles of the cloud and propagates relatively fast 

ompared to the quenched one in the cloud. Due to the small 

mpedance distinction between the two fluids, one can conjecture 

hat the refracted wave deceleration is largely affected by the re- 

uced chemistry due to heat absorption and/or vapor dilution by 
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Fig. 7. Evolutions of λCEM , pressure, HRR, and water vapor mass fraction around the autoigniting spot. c = 0.84 kg/m 

3 , d 0 
d 
= 2.5 μm , and R = 0.25 W . Shaded area: water 

cloud. 
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he evaporating cloud. Moreover, the outer (diffracted, burning) 

nd inner (refracted, quenched) sections are connected at the cloud 

oundary (dashed line). Meanwhile, the outer DW becomes slightly 

urved near the cloud boundary because of wave diffraction. From 

 to 11 μs , the outer DW becomes convex with respect to the 

resh gas, and the upper / lower RFs move gradually closer. Mean- 

hile, decoupling of SF and RF also occur for the outer DW near 

he cloud. This is also observed in the detonation diffraction stud- 

es [42–45] , and it is attributed to the interactions between the 

etonation front and expansion waves resulting from the diverging 

eometry of the cloud downstream boundary. 

In Fig. 6 (e), shock focusing occurs near the centerline: the 

iffracted SFs degraded from the upper and lower parts of the 

uter DW are superimposed near the centerline. This leads to high 

verpressure ( > 3 MPa) and temperature ( > 1600 K) at the point

1. This area is compressed again by the late refracted wave and 

ence therefore the local thermochemical conditions are further 

levated towards the threshold of autoignition. It should be men- 

ioned that the sequence of diffracted SF focusing and refracted 

hock arrival largely depends on the wave speed difference inside 

nd outside the cloud [ 46 , 47 ]; their more pronounced difference 

ay lead to an implosion region enclosed with the refracted and 

iffracted shocks [48] . Meanwhile, two peninsula-shaped RFs from 

he upper and lower DWs are approaching each other near the fo- 

used point, which also provides a favorable environment full of 

nergetic radicals to promote the local chemical reactions. 

At 12.5 μs , an isolated autoigniting spot (AS) arises there, which 

enerates higher pressure and temperature, indicating the onset of 

hermal runaway in an isochoric combustion mode. As shown in 

ig. 6 (f), the AS lies at the right of the cloud boundary and hence

utoignition proceeds at the cloud leeward side, i.e., in a gas-only 

ixture. Subsequently, AS quickly develops into detonation waves 

t 15 μs in Fig. 6 (h). Their transverse propagation consumes the 

hocked gas between the lead SF and RF. It also overtakes the lead 

F and an overdriven Mach stem is formed in Fig. 6 (i). The upward-

nd downward-running transverse DWs generate the thick bifur- 

ated trajectories as exhibited in Fig. 2 (c). 

To further reveal the chemistry of the leeward re-detonation 

rocess, chemical explosive mode analysis [49–51] is performed 

o extract the characteristic chemical information of the hydrogen 

etonation. Figure 7 shows the spatial profiles of pressure, HRR, 

nd eigen values λe of the chemical Jacobian along the center- 
8 
ine at four instants. For clear illustration, the signed exponent 

f the eigenvalue λe of chemical explosive mode is plotted, i.e., 

CEM 

= sign [ Re ( λe ) ] · log 10 [ 1 + | Re ( λe ) | ] . Positive (negative) λe indi- 

ates the propensity of chemical explosion (non-reactive or burned 

ixtures). In Fig. 7 (a), the RF and SF lie in the water cloud (shaded

rea). Despite detonation extinction, the mixture in the induc- 

ion zone between RF and SF still has explosion propensity with 

igh λCEM 

. Meanwhile, the pressure behind the SF is slightly in- 

reased because of shock compression. The water vapor mass frac- 

ion gradually increases towards the RF. At 12 μs in Fig. 7 (b), λCEM 

eaks behind the SF due to shock focusing, evidenced by the el- 

vated pressure, HRR peaks and high λCEM 

at the same location. 

t x = 0.204–0.205 m, the mixture reactivity is low (smaller λCEM 

) 

ecause of droplet evaporation and/or interphase heat transfer in- 

ide the cloud. This can also be confirmed by finite water vapor 

ass fraction Y H2O (cf. Fig. S4 of the supplementary document) 

head of the RF. Moreover, interactions of the detonation with the 

ater cloud lead to higher H 2 O mass fraction and less OH radical. 

ore details can be found in Fig. S6 of the supplementary docu- 

ent. In Fig. 7 (c), the autoigniting spot (i.e., AS in Fig. 6 f) is gener-

ted, corresponding to locally negative λCEM 

and two RFs with high 

RR ( > 4 × 10 13 J/m 

3 /s) at x = 0.2076 and 0.2086 m. For the same

eason, pressure is also increased near the AS location in Fig. 7 (c) 

nd 7(d). Moreover, at 12.75 μs, the right RF is coupled with the 

F, generating a new detonation wave (i.e., evolving into the Mach 

tem in Fig. 6 i). 

Reaction initiation due to focusing of the oppositely propagating 

iffracted waves is also observed in other re-detonation cases from 

ur simulations, as indicated in Fig. 5 . Although shock focusing 

as been discussed in previous studies on shock-bubble interac- 

ions, e.g., in [47] , nonetheless, its consequence in a flammable gas 

e.g., hydrogen) has not been studied before. In some previous ex- 

erimental and computational studies on the interactions between 

hock and H 2 /O 2 bubble surrounded by N 2 [ 48 , 52–54 ], ignition in-

uced by shock focusing only occurs inside the reactive bubble 

hen the pressure is relatively low. For more reactive conditions, 

etonation development is found, mainly from direct initiation by 

trong shock compression. Differently, from our cases, AS always 

ccurs along the centerline behind the water cloud, which may be 

ecause of the existence of the evaporating water in the cloud. We 

ompile the AS locations from all our re-detonation cases in Fig. 

7 of the supplementary document. It is interesting to find that 
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Fig. 8. Trajectories of peak pressure with various cloud sizes. c = 0.84 kg/m 

3 and d 0 
d 
= 2.5 μm . Axis label unit: m. 
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he AS locations ( x coordinate) range from 2.1 R to 3.3 R , relative to

he upstream pole of the cloud. This corresponds to external shock 

ocusing [47] , which is essentially determined by the differentiated 

imescales for diffracted and refracted shocks [46] . 

.3. Cloud size effects and detonation extinction 

Up to this point, the circular cloud radius is fixed to R = 0.25 W .

he effects of cloud size on the incident detonation wave will be 

tudied in this section, through the peak pressure trajectories in 

ig. 8 . Two additional cloud radii, R = 0.33 W and 0.375 W , are

onsidered with c = 0.84 kg/m 

3 and d 0 
d 
= 2.5 μm . For the cloud

ize in Fig. 8 (a), the above-mentioned extinction / re-detonation 

rocess in Fig. 2 (c) with R = 0.25 W is observed. However, in the

arger cloud in Fig. 8 (b), the incident DW is quenched after cross- 

ng it, characterized by quickly fading peak pressure trajectories, 

nd no re-initiation is observed. The transient of DW extinction 

n Fig. 8 (b) is visualized in Fig. 9 and through an animation in

he supplementary material. The detonation frontal structures in 

ig. 9 (a) −9(d) share the similar evolutions with Fig. 6 . One can see

hat both refracted and diffracted DWs are quenched, and shock 

ocusing occurs at S1 in Fig. 9 (e). However, in this scenario, no au-

oigniting spot is observed, and the distance between the lead SF 

nd RF is gradually lengthened, as shown in Fig. 9 (f). 

To interpret the reaction initiation failure in shock superimposi- 

ion in Fig. 9 , time history of pressure, HRR, gas temperature, and 

CEM 

are plotted in Fig. 10 . They are extracted along the center- 

ine in Fig. 9 . The peak values of pressure, temperature, HRR and 

CEM 

at S1 in Fig. 10 (c) is lower than the counterpart of S1 in 

ig. 6 (b). The differentiated thermochemical conditions in the two 

utoignition spots can be found from Table S1 of the supplemen- 

ary document. Specifically, peak pressure (2.4 MPa) and temper- 

ture (1344 K) from this case are much lower than those in the 

uccessful one (3 MPa and 1602 K, respectively). This, therefore, 

annot induce an AS in Fig. 10 (c), although the shocked gas mix- 

ure is highly chemically explosive around S1 ( λCEM 

= 6.5). This 

an be further confirmed by the reduction of pressure, temperature 

nd λCEM 

around S1 in Fig. 10 (d), and almost unconsumed H 2 /O 2 

round S1 (cf. Fig. S5 of the supplementary document). 

The interphase transfer rates of mass, energy and momentum of 

etonation transmission and failure transients from the two cases 

n Fig. 9 are compared in Fig. 11 . They are averaged from the whole

omain ( x = 0–0.3 m). Positive transfer rate indicates the transfer 

roceeds from droplet to gas phase. Note that the DW enters and 
9 
eaves the water cloud at 0 and 16/18 (red/blue lines) μs , respec- 

ively. Results in Fig. 11 mainly reflect the interactions between the 

efracted DW and cloud since the diffracted one only propagates in 

he gaseous medium. The results from two cases bear some resem- 

lance. For instance, all transfer rate magnitudes first increase, and 

hen gradually decrease. This is because the droplet number in the 

hocked area reaches the peak at around 7 μs , as the transmitted 

hock reaches the downstream pole. However, it is demonstrated 

hat larger water cloud (i.e., 0.375 W ) generally has higher trans- 

er rates, which leads to lower chemical reactivity as discussed in 

ig. 10 . 

In the extinction case, inside the cloud, the mechanism for no 

utoignition spot is stronger interphase interaction between larger 

ection of refracted DW and the cloud. For the diffracted detona- 

ion wave, it is also weakened. This can be evidence by the fact 

hat the local pressure (about 2.4 MPa, see Fig. 10 c) around the 

hock superimposition location (S1) is smaller than that of the au- 

oignition spot in Fig. 7 (b) (about 3 MPa), as tabulated in Table S1 

f the supplementary document. Therefore, failure to inducing a 

ot spot in Fig. 9 should be a combined consequence of weakened 

efracted and diffracted detonations. 

Figure 12 demonstrates the critical cloud size of DW propaga- 

ion and extinction. The droplet diameter is fixed to be 2.5 μm , 

ut various droplet concentrations ( c= 0.105 –1.68 kg/m 

3 ) are con- 

idered. It should be clarified that here “extinction” indicates the 

verall outcome of the incident detonation, instead of the refracted 

r diffracted one. It is observed that the critical water cloud diam- 

ter, 2 R , generally decreases when the droplet concentration is in- 

reased. Below or left to this curve, perturbed propagation (only 

bserved for relatively small c) or re-detonation occurs, whilst 

bove it the incident detonation wave is fully quenched behind the 

ater cloud. When c is larger than 0.84 kg/m 

3 , the critical cloud 

ize is negligibly influenced by the droplet concentration. This im- 

lies that beyond some critical concentration the performance of 

ater cloud in inhibiting detonation may be limited by droplet 

ize, which directly affects droplet relaxation process and evapo- 

ation. This is consistent with the finding from our previous work 

15] . 

.4. Two-phase fluid interfacial instability 

Two-phase fluid interfacial instability subject to detonation 

ave impacting will be discussed in this section. The cloud bound- 

ry is deemed as an interface separating the background gas and 
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Fig. 9. Time history of gas temperature in a quenched detonation. c = 0.84 kg/m 

3 , d 0 
d 
= 2.5 μm , and R = 0.375 W. S1: shock focusing location. Axis label unit: m. 
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wo-phase gas-droplet mixture. Following Richtmyer–Meshkov in- 

tability (RMI) theory [55] , an effective Atwood number can be 

sed to quantify the density difference across this interface [20] , 

.e., 

 e ≡ ( ρe 2 − ρe 1 ) / ( ρe 2 + ρe 1 ) , (8) 

here ρe 1 and ρe 2 are the effective densities of the background gas 

nd the gas-liquid mixture in the water cloud, respectively. They 

an be calculated from gas phase volume fraction α, gas density ρ , 

nd droplet material density ρd , i.e., ρe 2 = ( 1 − α) ρd + αρ [17] . 

Figure 13 shows the change of effective Atwood number A e with 

he droplet concentrations considered in the simulations. It is seen 

hat A e monotonically increases with the droplet concentration, i.e., 

.11 to 0.67. Note that the droplet diameter does not influence A e 

or a fixed concentration. Based on our results, there are two types 

f cloud morphology evolutions after being struck by the incident 

etonation wave: shrinking clouds with tails (i.e., relatively larger 

 e , i.e., 0.33–0.67) and without tails (smaller A e ), as indicated in 

ig. 13 . Their detailed evolutions and underpinning mechanisms 

ill be discussed below. 

.4.1. Mechanism of cloud evolution 

We first discuss the case of A e = 0.5, based on the time se-

uence of Lagrangian water droplet distributions in Fig. 14 . The 
10 
onditions are c = 0.84 kg/m 

3 , d 0 
d 

= 2.5 μm , and R = 0.25 W .

ote that the corresponding gas dynamics have been studied in 

ig. 6 . At 0 μs , the cloud is intact: the droplet size is almost equal

o the initial value, indicating limited evaporation before the DW 

rrives. At 4 μs , the refracted SW (dashed line in Fig. 14 b) en-

roaches the left part of the cloud. The droplets behind it start 

o break up, resulting in quickly reduced droplet size ( < 1.5 μm ) 

nd hence strong evaporation. At 4–10 μs, the left cloud boundary, 

arrying many disintegrated droplets, gradually moves with the re- 

racted shock, which leads to a shrinking cloud. 

At 12 μs , the shock just leaves the cloud and most droplets are 

ighly disintegrated, evidenced by the reduced droplet size and in- 

reased droplet number (by about 60%, from our results). The We- 

er numbers, W e , of these droplets range from 40 to 70, and there-

ore bag-and-stamen breakup mechanism is dominant [18] . The 

 e is slightly higher than those (5–33, hence bag breakup mech- 

nism) from the shock-water cloud experiments by Middlebrooks 

t al. [56] . This is reasonable since weaker shocks ( Ma = 1.66)

re used in their tests. Closer inspection of Fig. 14 (f) shows that 

ome jets of fine droplets (below 1 μm) appear near the south- 

rn/northern poles of the cloud. This phenomenon is caused by 

he fast response of the fine droplets to the local aerodynamics, 

.e., vortex shedding due to the impulsive shock acceleration of 

 perturbed interface between multiphase fluids [ 20 , 57 ]. The vor- 
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Fig. 10. Evolutions of thermochemical structures along the centerline between the RF and SF. c = 0.84 kg/m 

3 , d 0 
d 
= 2.5 μm , and R = 0.375 W . 

Fig. 11. Interphase transfer rates in detonation transmission and failure cases. 
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ex evolutions will be further interpreted in Fig. 15 . Meanwhile, 

n Fig. 14 (f), the evolutions of vortices further lead to two tails 

f fine droplets extending from the cloud. At the subsequent in- 

tants, e.g., 16–34 μs , these tails are continuously stretched rela- 

ive to the cloud, until the droplets along them are vaporized at 

8 μs . 
11 
To better understand the vortex development near the cloud, 

ig. 15 shows the evolutions of out-of-plane component of vor- 

icity, ω Z , at four selected instants of Fig. 14 . Positive (negative) 

 Z means that the local fluid rotation is counter-clockwise (clock- 

ise). In the shocked area behind the SW, lots of small eddies can 

e seen. Nonetheless, inside the water cloud, the magnitude of ω Z 
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Fig. 12. Diagram of DW propagation and extinction. d 0 
d 
= 2.5 μm . 

Fig. 13. Effective Atwood number as a function of droplet concentration. 
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s significantly reduced, to approximately zero. This results from 

he local momentum exchanges between the two phases, which to 

ome degree stabilizes the background gas [56] . Along the cloud 

oundary (i.e., fluid interface), connected zones with high magni- 

udes of ω Z can be seen, i.e., dominantly positive (negative) ω Z at 

he lower (upper) part. At 12 μs , a pair of well-defined counter- 
ig. 14. Evolutions of Lagrangian droplets colored by diameter (in μm ). Dashed curve: r

nit: m. 

12 
otating eddies starts near the northern and southern poles, which 

ecome stronger at 20 μs . Based on Fig. 14 (h), the two droplet- 

arrying tails roughly follow the counterrotating vortices. At 58 μs , 

lthough a pair of vortices are still observable, however, the vor- 

icity becomes weaker and more localized, compared with earlier 

nstants. 

Evolutions of the density and pressure gradient magnitudes 

 | ∇ρ| and | ∇p | ) of Fig. 15 are shown in Fig. 16 . In Fig. 16 (a), in

he cloud, | ∇ρ| is zero ahead of the SF. This is because no water

apor is added in the premixed hydrogen/air gas before the shock 

rrives. However, along the SF and RF, | ∇ρ| is considerable. More 

ignificant features is that | ∇ρ| near the cloud boundary in the 

hocked gas are the highest. This is because the local droplet evap- 

ration considerably alters the local gas density and temperature. 

imilar distributions can also be seen in Fig. 16 (b) – 16(d). The 

ressure gradient magnitude is high along the lead shock and also 

he transverse shocks extending from the triple points. However, 

o obvious misalignment of pressure and density gradients can be 
efracted wave. A e = 0.5, c = 0.84 kg/m 

3 , d 0 
d 
= 2.5 μm , and R = 0.25 W . Axis label 
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Fig. 15. Time sequence of z-component vorticity. Dashed line: refracted wave. Dash-dotted line: cloud boundary. Axis label unit: m. 

Fig. 16. Time sequence of density (first row) and pressure (second row) gradient magnitudes. SF/RF: shock/reaction front. Dash-dotted line: cloud boundary. Axis label unit: 

m. 
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ound at the cloud boundary, particularly at the southern/northern 

oles. This is different from the RMI problems in shock-bubble in- 

eractions, in which the baroclinity is highest at these two poles 

 40 , 55 ]. At 12 μs , | ∇ρ| near the southern/northern poles becomes

igh, but no high pressure gradient distributions exist there. There- 

ore, although the large-scale vortices are developing from the up- 

er and lower boundaries as shown in Fig. 14 , nonetheless, clear 

isalignment of pressure and density gradients does not occur. 

his can also be confirmed from our results of baroclinity at these 

nstants, as shown in Fig. S8 of the supplementary document. At 

ater instants (e.g., 20 and 58 μs ), as the cloud evolves, the den- 

ity gradient are still obvious at the cloud boundaries. The pressure 

elds becomes more complex, characterized by many shocklets 

e.g., from transverse shocks) interacting with the cloud. This in- 

uces the formation of small-scale structures along the two-phase 

uid interface, as shown in Fig. 14 (1). This phenomenon has not 

een reported in the shock-cloud interactions studies [ 20 , 56 ] due 

o the relatively clear pressure field in a shocked flow. 
13 
To further explore the mechanism of large-scale vortex roll- 

p from the upper and lower boundaries, we examine the dis- 

ributions of x -component gas velocity in Fig. 17 . It is seen that 

arge gas velocity difference (up to 600 m/s) between the cloud 

nd surrounding gas is observed, e.g., in Fig. 17 (a). Due to exis- 

ence of the static cloud, momentum absorption (for accelerating 

he droplets) between two phase causes lower gas speed in the 

loud than the surrounding one. This difference results in con- 

iderable shear along the cloud boundary, particularly around the 

outhern/northern poles, which leads to formation of the vortex 

oll-up observed in Fig. 15 . However, at a later instant, like 58 μs ,

ince the droplets kinematically equilibrate with the gas, the veloc- 

ty difference along the fluid interface almost disappears, as shown 

n Fig. 17 (d). 

Therefore, although the vortex formation and development in 

ig. 14 are superficially similar to those in the previous RMI prob- 

ems (see detailed reviews in Refs. [ 55 , 58 ].), nonetheless, their 

nderpinning mechanisms are different. Although Vorobieff et al. 
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Fig. 17. Distributions of x-component gas velocities. Dash-dotted line: cloud boundary. Axis label unit: m. 

Fig. 18. Evolutions of Lagrangian droplets colored by diameter (in μm ). Dashed curve: refracted wave. A e = 0.11, c = 0.105 kg/m 

3 , d 0 
d 
= 2.5 μm , and R = 0.25 W . Axis label 

unit: m. 
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ake some conjectures about this, they do not articulate in their 

ork [57] . In the traditional RMI problems (like shock-bubble inter- 

ction), the density difference across the interface arises from the 

ifferent gaseous materials and exists before the fluid is shocked. 

owever, for the two-phase problems, gas phase properties are 

ontinuous across the interface before the shock or detonation 

ave arrives. The interfacial discontinuity continuously becomes 

trong when the interphase exchanges proceed in the cloud. Based 

n the above analysis, velocity difference (hence shear) dominates 

he initial development of vortices, which essentially corresponds 

o Kelvin–Helmholtz instability (KHI). Instead, RMI is not shown to 

lay a significant role in the macroscopic evolution of the cloud, al- 

hough the shocklets may interact with the cloud boundary where 

ensity gradient dominates. Therefore, in this work, the effective 

twood number, Eq. (8) , more reflects the intensity of the two- 

hase interactions, instead of the density gradient across the fluid 

nterface, as in traditional RMI problems. We also run a numer- 

cal experiment based on the case in Figs. 14-17 , in which only 

omentum exchange is retained and the energy/mass exchanges 

re turned off. The results (see Fig. S9 of the supplementary docu- 

ent) shows that the vortex formation can still be clearly observed 
14 
ven if only the momentum exchange exists. This again confirms 

he role of the KHI in development of two-phase fluid interface. 

.4.2. Effective Atwood number effects 

The influences of effective Atwood number A e on the evolutions 

f cloud morphology are evaluated in Figs. 18 –20. Figure 18 shows 

he cloud evolutions with a lower effective Atwood number, 

 e = 0.11. The corresponding conditions are c = 0.105 kg/m 

3 , 

 

0 
d 

= 2.5 μm , and R = 0.25 W . Different from Fig. 14 , small fingers-

ike structures develop from the cloud upstream boundary, and no 

roplet jets and tails can be observed. Due to the moving triple 

oints, its high temperature and pressure leads to fragmentation 

f local droplets (smaller droplets along their tracks), leading to 

he cellularization of the shocked cloud. Such cloud behaviors are 

ot seen from the preceding studies about multiphase instabil- 

ty [ 20 , 56 , 57 ], where only planar shocks are considered. Mean-

hile, the droplet diameters are reduced immediately behind the 

efracted shock, compared to those in Fig. 14 . This is because with 

he same intensity of incident shock wave more droplets can be 

isintegrated when the water concentration is lower [5] . After the 

efracted shock wave leaves the cloud at 18 μs , almost all droplets 
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Fig. 19. Evolutions of Lagrangian droplets colored by diameter (in μm ). c = 0.42 kg/m 

3 , d 0 
d 
= 2.5 μm , and R = 0.25 W . Dashed curve: refracted shock wave. Axis label unit: 

m. A e = 0.33. 

Fig. 20. Evolutions of Lagrangian droplets colored by diameter (in μm ). c = 1.68 kg/m 

3 , d 0 
d 
= 2.5 μm , and R = 0.25 W . Dashed curve: refracted shock wave. Axis label unit: 

m. A e = 0.67. 
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re below 1.0 μm . Consequently, accelerated evaporation leads to 

uickly shrinking cloud. At 20 μs the droplets are almost fully va- 

orized. In this case, due to relatively light loading of the droplets, 

imited influences on the gas field can be seen. For instance, no ve- 

ocity difference can be observed between the cloud and surround- 

ng gas from Fig. S10(a) of the supplement document. Therefore, 

arge-scale vortex does not appear from the south and north poles 

f the cloud, as shown in Fig. S10(d) of the supplement document. 

his corresponds to the morphology of “cloud without tails”, see 

ig. 13 . 
15 
The evolutions of the cloud with an intermediate effective At- 

ood number, A e = 0.33 ( c = 0.42 kg/m 

3 ), is demonstrated in 

ig. 19 . In the early instants, they have similar behaviors to those 

f A e = 0.5 in Fig. 14 . Nonetheless, some differences are observed 

fter 20 μs : the cloud become thin, and the two tails from south- 

rn/northern poles are shorter. The z -component vorticity distribu- 

ion in Fig. S10(e) of the supplement document confirms the occur- 

ence of weaker vortex roll-up at 20 μs due to velocity difference 

t the in Fig. S10(b) of the supplement document. At later stage 

e.g., 44 and 56 μs ), the tails becomes shorter due to fast evap- 
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Fig. 21. Time history of the cloud size in (a) x-direction W x and (b) y-direction W y with various d 0 
d 
= 2.5 μm and R = 0.25 W . Dashed line: initial cloud diameter. 
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ration of the droplets. When A e = 0.67, new cloud features can 

e found from Fig. 20 . Specifically, at 14–20 μs one can see the 

ormation of relatively bigger counter-rotating vortex pair, which is 

lso observed from Fig. S10(f) of the supplement document. This is 

irectly associated with the larger speed difference in Fig. S10(c) of 

he supplement document. 

The influences of effective Atwood number on the cloud evolu- 

ions are quantified through the change of mixing width in Fig. 21 . 

ollowing Vorobieff et al. [57] , the mixing extent is defined as the 

istance between the edges of the cloud along the x - / y -direction

espectively, i.e., W x and W y in Fig. 21 . The edges are identified 

hen the droplet volume fraction is greater than 1 × 10 −5 . The 

nitial cloud diameter is 12.5 mm. In Fig. 21 (a), when A e = 0.11,

 x is monotonically reduced to approximately 4 mm until com- 

lete gasification at 20 μs . This is due to the movement of the up-

tream boundary after shock impacting, as seen from Fig. 18 . How- 

ver, when A e = 0.33 and 0.5, after initial reduction similar to the 

 e = 0.11 curve, W x increases at about 10 μs and then levels off

espectively around 6 and 10 mm, due to the growing cloud tails. 

ifferent from these two cases, continuously increased W x is ob- 

erved with the greatest A e (0.67) after 14 μs . It is even larger than

he initial cloud diameter. This increase is mainly caused by longer 

ails from larger velocity difference of the two fluids (see Fig. S10f 

f the supplement document, hence stronger vorticity). 

In Fig. 21 (b), when A e = 0.11, the y -component cloud size W y 

s almost not changed before 10 μs , and thereafter quickly drops 

elow 8 mm due to fast evaporation of the disintegrated droplets 

ear the southern/northern poles. Nevertheless, when A e is beyond 

.11, W y slightly decreases and then becomes greater after 14 μs 

ue to the developing tails. Moreover, W y with A e = 0.33 exhibits 

ome fluctuations around 12.5 mm, but in the two larger A e cases 

t continuously increases. Overall, the results in Fig. 21 indicate 

hat higher droplet concentration (higher A e ) would lead to wider 

roplet dispersion range due to formation of larger vortices. From 

ractical measures for H 2 explosion inhibition, the spreading evap- 

rating droplets can cool and dilute a larger extent of detonated 

rea and therefore more effectively mitigate the possible secondary 

azards behind the DW. 
16 
. Conclusions 

Interactions between a propagating detonation wave and circu- 

ar water spray cloud in hydrogen/air mixture are simulated by 

ulerian −Lagrangian approach and detailed chemical mechanism. 

arametric studies are performed through considering a range of 

roplet diameter, concentration and cloud size. 

It is seen that droplet size, concentration and cloud radius 

ave significant effects on peak pressure trajectories of the deto- 

ation wave. Three detonation propagation modes are observed: 

erturbed propagation, leeward re-detonation, and extinction. Lee- 

ard re-detonation is analyzed with unsteady evolutions of gas 

hase and liquid phase quantities. The refracted detonation wave 

nside the cloud is decoupled and propagates more slowly than the 

uter detonation. Here the converging effects of the water cloud 

efract and diffract the incident DW. The re-initiation is caused 

y the shock focusing from upper and lower diffracted detona- 

ions. The results also show that breakup of water droplets pro- 

eeds when the detonation wave crosses the cloud. 

Furthermore, detonation extinction is observed when we vary 

he water cloud size. It is featured by quickly fading peak pressure 

rajectories when the detonation passes the cloud, and no local au- 

oignition occurs in the shock focusing area. Evolutions of thermo- 

hemical structures along the domain centerline between the reac- 

ion front and shock front in an extinction process are also studied. 

he transfer rates of mass, energy and momentum of detonation 

uccess and failure are analyzed. In addition, a series of cloud–gas 

nteraction simulations considering various droplet concentrations 

nd cloud radii are performed. It is shown that the critical cloud 

ize to quench a detonation decreases when the droplet concen- 

ration is increased. However, when the droplet concentration is 

eyond 0.84 kg/m 

3 , this critical cloud size is almost not affected 

y it. 

Two-phase interfacial instability is analyzed with various ef- 

ective Atwood number, which results in two typical cloud evo- 

utions: shrinking clouds without tails or with tails. Mechanism 

f droplet cloud evolution is demonstrated with the time his- 

ory of Lagrangian water droplet distributions, vorticity, density / 
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ressure gradient magnitudes and gas velocity. Our results con- 

rm that velocity difference (shear) dominates the initial devel- 

pment of vortices, corresponding to Kelvin–Helmholtz instability. 

nstead, Richtmyer–Meshkov instability makes small contributions 

o macroscopic evolution of the cloud. Moreover, the influences of 

ffective Atwood number on the evolutions of cloud morphology, 

orticity, velocity, and cloud size are evaluated. Analysis shows that 

igher droplet concentration would lead to wider droplet disper- 

ion range due to formation of larger vortices. 
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