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Abstract  

The hybrid detonation of hydrogen–aluminum mixtures represent a promising fuel combination, 

leveraging the high energy density of aluminum (Al) and the low ignition energy of hydrogen. This 

study investigates one-dimensional detonation wave propagation in hydrogen–oxygen–argon mixtures 

containing suspended Al particles, using a Eulerian–Lagrangian approach. The effects of particle 

loading and size on detonation dynamics are systematically examined. As the particle loading increases, 

four distinct regimes of shock propagation behavior are identified, and the transitions among these 

regimes are interpreted. In particular, two steady propagation modes in Regime I and Regime II are 

associated with distinct detonation structures: single-front detonation (SFD) and quasi-double-front 

detonation (quasi-DFD), respectively. For the quasi-DFD structure, a compression region, arising from 

interphase momentum and heat transfer, forms within the particle induction zone. The destabilization 

of this compression region is identified as the direct cause of the pulsating phenomenon observed in 

Regime III. The underlying mechanism of the pulsating detonation wave is analyzed in details. Regime 

IV is characterized by detonation failure. Besides the gas dynamics, the characteristics of particle-

phase combustion are investigated. The results indicate that particle surface reactions transition from 

being primarily governed by diffusion to being increasingly by surface reaction kinetics, which serves 

as the fundamental trigger for the onset of unstable detonation. These findings provide valuable 

insights into the underlying mechanisms of hybrid hydrogen–aluminum detonations. 
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Novelty and Significance Statement  

This study provides the first comprehensive numerical investigation into the unsteady dynamics and 

mode transitions of hybrid hydrogen–aluminum (H2–Al) detonations. While prior research has largely 

focused on steady-state propagation, this work uniquely reveals the mechanisms underlying pulsating 

instabilities in hybrid detonations through a coupled Eulerian-Lagrangian framework. By 

systematically varying Al particle size and loading, four distinct propagation regimes are identified, 

including a newly observed quasi-double-front detonation structure and its transition to pulsation. The 

destabilization of the interphase-induced compression zone, and the shift in Al combustion from 

diffusion-controlled to kinetics-controlled regimes are shown to be critical in triggering instability. 

These findings provide valuable insights into the understanding of hybrid hydrogen–aluminum 

detonations. 
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1. Introduction 

Multiphase detonation is a high-speed combustion phenomenon characterized by shock-induced 

reactions occurring within a mixture of gaseous, liquid, or solid components. Its propagation is 

governed by the intricate coupling between shock waves, chemical reactions, disperse phase dynamics, 

and phase interactions [1, 2]. Following Veyssiere [3], multiphase detonations can be broadly 

classified into three categories: (1) dusty detonation, in which the gas phase is combustible while the 

particulate phase is inert, exemplified by hydrogen-dust detonation [4]; (2) heterogeneous detonation, 

where the gaseous phase is non-combustible, but the particulate phase is reactive, as observed in 

aluminum (Al) particle [5] and coal particle [6] detonations; (3) hybrid detonation, in which both gas 

and particulate phases are combustible, with notable examples including methane-char [7] and 

hydrogen-aluminum [3] detonations. Notably, solid aluminum possesses exceptional energetic 

potential, with a specific enthalpy of reaction (83.8 MJ/L) approximately seven times greater than 

liquid ammonia (11.5 MJ/L) and ten times that of liquid hydrogen (8.5 MJ/L) [8]. However, pure Al-

air mixture present significant challenges for detonation initiation due to high ignition temperature and 

relatively slow reaction kinetics [3]. In contrast, hydrogen (H2) requires significantly lower ignition 

energy, making it more conducive to detonation initiation. This synergy makes H2-Al mixtures an 

attractive hybrid fuel system for detonation propulsion applications, combining hydrogen's ease of 

initiation with aluminum's high energy density for enhanced performance. 

In hybrid detonations fueled by H2-Al mixtures, introduction of disperse particles significantly 

alters the propagating wave structures. For instance, unique double-front detonation (DFD) structure 

was first experimentally observed by Veyssiere [9] in H2-Al-air mixtures. The first front originates 

from the combustion of gas components, while the second front results from Al surface reactions 

occurring in the gaseous products. Subsequent studies [10-13] have consistently confirmed the 

existence of such DFD mode. Veyssiere and his co-workers [14] further conduct a study comparing 

two distinct stable propagation modes in H2-Al mixture: double-front detonation and single-front 

detonation (SFD). They fundamentally depend on the temporal or spatial sequence of heat release 
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behind the shock wave. Specifically, the SFD structure occurs when the Al reaction zone resides within 

the Chapman-Jouguet (CJ) plane of the gas phase. Recent H2-Al explosion experiments by Yu et al. 

[15] revealed that reduced particle size facilitates the transition from double-peak to single-peak flame 

front, attributed to earlier ignition of finer particles. More recently, Khmel and Lavruk's study [16] 

demonstrated that introduction of small amount of 3.5 and 5 µm Al particles produces transient double-

front structures that evolve into single-front detonation through wave merging. This leads to wave 

acceleration and increased stability, with the transition occurring more rapidly with smaller particles. 

In summary, extensive experimental and numerical studies have shown that larger particles 

preferentially form DFD mode due to longer ignition delays, while smaller particles tend to promote 

SFD mode. 

Despite the extensive studies on hybrid H2-Al detonations, several critical knowledge gaps remain 

in our understanding of detonation dynamics in H2-Al mixtures. First, a comprehensive parametric 

investigation on the effects of particle size and loading on mode transitions and wave structures is still 

lacking. Second, existing research has predominantly focused on steady-state propagation modes, with 

limited attention to unsteady dynamics in H2-Al hybrid detonation systems. However, in practical 

applications, hybrid detonations are inherently unstable. While pulsating phenomena have been 

observed in some Al-induced detonation studies [12, 17, 18], the underlying mechanisms and 

characteristics of these instabilities remain largely unexplored. In contrast to hybrid detonation systems, 

pulsating propagation in gaseous detonations (e.g., hydrogen-air) has been extensively studied [19-22], 

where the fundamental mechanisms are relatively well understood. However, similar studies in hybrid 

detonation systems are scarce, leaving a significant gap in the fundamental mechanisms governing 

hybrid detonation stability and transition dynamics. This hinders the development of effective control 

strategies for hybrid detonation-based propulsion systems and limits our ability to predict their 

performance accurately. 

Based on the above analysis, this study aims to investigate the dynamics of hybrid detonation 

fueled by H2-Al mixtures through detailed simulations. The purpose of this work is two-fold: (1) to 
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examine the effects of particle loading and diameter on detonation wave structure and mode transitions, 

(2) to reveal the underlying physical mechanisms governing pulsating propagation, analyzed from both 

gas dynamic and particle dynamic perspectives. This enables a comprehensive understanding of the 

complex interplay between Al particle properties and detonation wave dynamics, providing insights 

into both macroscopic propagation behaviors and microscopic interaction mechanisms. The 

manuscript is organized as follows: Sections 2 and 3 introduce the physical model and numerical 

methods, respectively; Section 4 provides comprehensive results and discussion; and Section 5 

summarizes the main conclusions. 

 

2. Physical model 

In this study, a one-dimensional (1D) computational configuration is employed to investigate the 

propagation of hybrid detonation waves in hydrogen-aluminum mixtures. The 1D configuration 

excludes the transverse wave effects, isolating longitudinal instabilities for ease of analysis. It is widely 

used in single- and two-phase detonation studies [23, 24] as a standard benchmark for fundamental 

dynamics with high computational efficiency. 

 
Fig. 1 Schematic of hybrid detonation wave propagation in a H2/O2/Ar mixture containing 

aluminum particles. Solid circles represent aluminum particles, while open circles denote alumina 

particles. 

As illustrated in Fig. 1, the detonation wave is initiated by a hot spot (2,000 K and 20 atm) near 

the left end of the domain. Changing the hot spot conditions (e.g., higher pressure) may influence early 

detonation propagation stage, this study focuses on analyzing the long-term detonation wave behavior 

beyond the transition stage (e.g., x > 0.3 m in Fig. 3a). The left boundary is non-reflective for pressure 

to prevent wave reflections, while zero-gradient for other variables. Similarly, the right boundary 

utilizes zero-gradient conditions for all variables. The remaining four surfaces are configured with zero 

0 1.0 m

Initial hot spot (t = 0)

Two-phase mixture: H2/O2/Ar + aluminum particles

Hybrid detonation wave

Non-reflective
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numerical fluxes, to mimic the 1D nature. The two-phase mixture spans a length of 1 m, and is initially 

filled with a gas phase consisting of H2/O2/Ar at molar fractions of 1:1:4. While previous studies [21, 

25, 26] have extensively examined the influence of gas composition on pulsating detonation 

characteristics, this work keeps it constant to isolate the effects of particle properties on hybrid 

detonation behavior. Notably, the H2-O2-Al system presents additional complexity due to the 

interaction between gas combustion products and Al particles. After hydrogen combustion, the 

resulting water vapor can further react with Al, leading to exothermic Al-water vapor reactions that 

further contribute to energy release [27]. This secondary reaction can influence detonation stability, 

wave propagation, and overall energy deposition [28], making the system more intricate than 

conventional gas-phase detonations. 

The initial pressure and temperature are 0.2 atm and 300 K, respectively. The low pressure and 

high argon dilution are chosen to suppress excessive heat release and enhance the sensitivity of the 

system to detailed chemical kinetics, which facilitates clearer identification of reaction mechanisms 

and ignition characteristics, in line with the conditions in previous studies [16, 23]. A detailed 

hydrogen mechanism by Burke et al. [29] is applied, which has 13 species and 27 reactions. For the 

current gas mixture, the Half-Reaction Length (HRL) of the ZND structure for H2/O2/Ar mixture is 

approximately ∆𝐻𝑅𝐿 ≈ 439 µm. The Al particle induction zone typically exhibits a length scale one 

order of magnitude larger than that of the gas phase, primarily due to the substantial momentum and 

thermal response timescales with the particle phase [3]. Monodisperse and static Al particles are 

uniformly distributed across the domain at t = 0. For Al particles, the material properties are: initial 

temperature of 300 K, density of 2,700 kg/m3 and isobaric heat capacity of 890 J/kg/K. The initial 

particle loading ranges from 0 to 600 g/m3, and the particle diameter varies between 0.5 and 4 µm, 

covering a representative range of practical interest for aluminum-induced detonation studies [17, 30, 

31]. Given the low particle volume fraction (typically below 0.02%), the inter-particle interactions, 

including collision effects, are reasonably neglected in the current analysis. Although the simulation 

employs a 1D configuration, the transverse dimensions (y and z directions) of the computational cells 
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remain relevant in the current modelling strategy as they determine the cell volume and consequently 

affect the particle number density. A computational parcel, representing identical particle properties 

(e.g., velocity, size, and temperature), is used in the simulations. Each CFD cell initially contains one 

parcel, and the particle number per parcel (np) varies with mass loading. The sensitivity of the mesh 

resolution and parcel number density is presented in Section A of the supplementary material. The 

results show that a cell size of 20 µm and a number density of 5.0×104/m are sufficient to capture the 

key characteristics of the hybrid detonation and hence will be used in this paper. 

 

3. Numerical method 

In our study, the compressible two-phase flow solver DSRYrhoCentralFoam [32, 33] is employed. 

It enables two-way coupling via run-time exchange of mass, momentum, and energy source terms. The 

gas phase is governed by the compressible Navier-Stokes equations, incorporating conservation laws 

for mass, momentum, energy, and species mass fractions, while the particle phase is tracked using a 

Lagrangian formulation. Recently, this solver has been applied to both single-particle combustion [34] 

and shock-induced combustion in Al-air mixtures [35]. Details of the two-phase governing equations 

are provided in Section B.1 of the supplementary material. Here, we introduce only the newly 

implemented sub-models, including the drag and surface reaction models for aluminum particles. 

The quasi-steady drag force, recognized as the predominant force governing solid particle motion 

[36], is calculated as  

 𝐅d =
18𝜇𝑐

𝜌𝑑𝐷𝑑
2

𝐶𝐷,𝐿𝑜𝑡ℎ𝑅𝑒𝑑

24
𝑚𝑑(𝐮c − 𝐮d). (1) 

The improved drag law (𝐶𝐷,𝐿𝑜𝑡ℎ) recently developed by Loth et al. [37] is adopted, which reads 

 

𝐶𝐷,𝐿𝑜𝑡ℎ(𝑅𝑒𝑑, 𝑀𝑎𝑑, 𝐾𝑛𝑑)

=

{
 
 

 
 
𝐶𝐷,𝐾𝑛𝑑,𝑅𝑒𝑑(𝑅𝑒𝑑, 𝐾𝑛𝑑) + 𝑀𝑎𝑑

4𝐶𝐷,𝑓𝑚,𝑅𝑒𝑑(𝑅𝑒𝑑, 𝑀𝑎𝑑)

1 +𝑀𝑎𝑑
4 ,                             𝑅𝑒𝑑 ≤ 45,

24

𝑅𝑒𝑑
(1 + 0.15𝑅𝑒𝑑

0.687)𝐻𝑀 +
0.42𝐶𝑀

1 + 42500 𝑅𝑒𝑑
1.16𝐶𝑀⁄ + 𝐺𝑀 𝑅𝑒𝑑

0.5⁄
,      𝑅𝑒𝑑 > 45.

 

(2) 
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The particle Knudsen number 𝐾𝑛𝑑 is calculated from 𝐾𝑛𝑑 = √𝜋𝛾 2⁄ (𝑀𝑎𝑑 𝑅𝑒𝑑⁄ ), where 𝛾 is the gas 

specific heat ratio, and the particle Mach number is 𝑀𝑎𝑑 ≡ |𝐮c − 𝐮d|/𝑐, and 𝑐 is the sound speed in 

the gas mixture. The expressions for 𝐶𝐷,𝐾𝑛,𝑅𝑒𝑑, 𝐶𝐷,𝑓𝑚,𝑅𝑒𝑑, 𝐻𝑀, 𝐶𝑀, and 𝐺𝑀 can be found in Section B.2 

of the supplementary material. This formulation is based on extensive experimental data and particle-

resolved direct numerical simulation results, offering broad applicability across both incompressible 

and compressible flows, as well as spanning regimes from the continuum to rarefied gas. This makes 

it particularly suitable for the present study, as submicron particles in a compressible background gas 

may enter the transitional regime (0.01 < 𝐾𝑛𝑑 < 10) [38]. 

As the Al particles traverse the shock wave, they undergo rapid heating by the post-shock hot gas 

until reaching the melting point (933 K [39]). During this phase transition, the particle temperature 

remains constant until complete melting [40]. Following that, Al droplets undergo surface reactions 

with both oxygen and steam as oxidizers. Steam produced from hydrogen–oxygen combustion initiates 

additional exothermic reactions with aluminum particles [41, 42]. Developing accurate surface 

reaction models for aluminum under detonative conditions remains a significant challenge, particularly 

for hybrid H2-O2-Al mixtures, as suitable models are still scarce in the literature. In the current study, 

we employ a one-step global reaction mechanism as a practical approach, with future model 

improvements contingent upon the availability of more comprehensive experimental data. The 

reactions are [12]: 4Al(l) + 3O2 → 2Al2O3(s) and 2Al(l) + 3H2O → Al2O3(s) + 3H2. It is assumed 

that the aluminum oxide (Al2O3) produced during combustion deposits on the particle surface. The 

particle diameter treatment follows the methodology described in our recent study on aluminum 

particle combustion [34]. Previous studies [43, 44] have demonstrated that AlO production becomes 

significant when the particle temperature exceeds the decomposition threshold, which can be estimated 

as [30] 

 𝑇𝑑𝑒𝑐 =
1

2.5051×10−4−1.4132×10−5×ln (𝑝𝑎𝑡𝑚)
, (3) 

where 𝑝𝑎𝑡𝑚  is normalized by the standard atmospheric pressure (101,325 Pa). This results in a 

decomposition temperature of approximately 4,500 K, significantly higher than the maximum particle 
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temperature observed in this study (~3,500 K). Therefore, AlO formation is not considered in current 

simulations. 

For the particle surface reaction model, we adopt a hybrid model [5], which combines surface 

kinetic oxidation and diffusion reaction under detonative conditions. The mass reaction rate is 

 𝑚̇𝐴𝑙,𝐻𝑇𝑅 = −𝐴𝑑,𝐴𝑙𝐶𝑜𝑥𝑖
𝜈𝐴𝑙𝑊𝐴𝑙

𝜈𝑜𝑥𝑖𝑊𝑜𝑥𝑖

𝑘𝑑𝑘𝑠

𝑘𝑑+𝑘𝑠
, (4) 

where 𝐴𝑑,𝐴𝑙  is the effective Al droplet diameter, 𝜈 the stoichiometric coefficient, 𝑊  the molecular 

weight, and 𝐶𝑜𝑥𝑖  the molar concentration of the oxidizing gas. The subscript oxi denotes oxidizer, 

which may refer to either oxygen or steam. In this study, we adopt 𝐶𝑜𝑥𝑖 = 1.0 for oxygen and 𝐶𝑜𝑥𝑖 = 

0.6 for steam, based on Beckstead’s correlation fitted to nearly 400 data points on single-particle 

burning times in various oxidizer environments [41]. The diffusion rate coefficient 𝑘𝑑 is  

 𝑘𝑑 =
𝜈𝑜𝑥𝑖𝑊𝑜𝑥𝑖

𝜈𝐴𝑙𝑊𝐴𝑙

𝜌𝑑𝐷𝑑,𝐴𝑙

2𝐶𝑡𝑜𝑡𝑎𝑙𝐾𝐷𝑑,0
2 (1 + 0.276𝑅𝑒1/2𝑃𝑟1/3), (5) 

where 𝐾  = 4×106 s/m2, and 𝐶𝑡𝑜𝑡𝑎𝑙  is the molar concentration of gas mixture. The kinetic surface 

reaction coefficient is 

 𝑘𝑠 = 𝑘0𝑒
−𝐸/𝑅𝑇𝑠, (6) 

where the pre-exponential factor is 𝑘0 = 1,200 kg·m/mol·s, and the activation energy is 𝐸 = 71.1 kJ/mol. 

The surface temperature is defined as 𝑇𝑠 = (𝑇𝑐 + 𝑇𝑑)/2 , accounting for thermal nonequilibrium 

between the particle and the surrounding gas. The particle heat release rate is 𝑞̇𝐴𝑙,𝑜𝑥𝑖 = 𝑚̇𝐴𝑙,𝑜𝑥𝑖ℎ𝐴𝑙,𝑜𝑥𝑖, 

where ℎ𝐴𝑙,𝑜𝑥𝑖 is the heat from surface reaction, taking 3.1×107 J/kg for Al-O2 reactions and 1.8×107 for 

J/kg for Al-H2O reactions [5]. Several studies [30, 40, 45] confirm that this model inherently transitions 

between the kinetic-limited and diffusion-limited burning regimes without requiring an arbitrary 

ignition temperature. Therefore, it is well-suited for predicting transient processes, such as detonation 

initiation, abrupt deflagration-to-detonation transition (DDT), and detonation instability [5]. 

The current solver has been extensively validated and successfully applied to various two-phase 

detonation systems, including hydrogen-inert particle [46], methane-char particle [7], and coal particle 

detonations [6]. In this study, it is further validated against aluminum-air detonation experiments [47-

49]. Fig. 2 presents the predicted detonation speeds as a function of aluminum particle loading under 
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atmospheric conditions of 300 K and 2 atm. The results demonstrate that the solver can reasonably 

predict the detonation speeds for loadings from 200 to 800 g/m3. Notably, when the loading is reduced 

to 100 g/m3 or increases up to 850 g/m3, the detonation fails. 

 

Fig. 2 Change of detonation speed with particle loading for aluminum-air mixture. The experiment 

data are reported from Borisov et al. [47] and Zhang et al. [48, 49]. 

 

4. Results and discussion 

4.1 Mode of detonation propagation 

The hybrid detonation propagation characteristics under different particle loadings (𝜂 ) are 

presented in Fig. 3. Figure 3(a) illustrates the spatial evolution of detonation speed (D), whereas Fig. 

3(b) displays the corresponding average speeds across different particle loadings. The Chapman-

Jouguet speed, 1,583 m/s, at the particle-free case (𝜂 = 0) is indicated by the dashed line in Fig. 3(a), 

serving as the reference for normalization. Figure 4 shows the evolutions of peak heat release rate 

(HRR), gas temperature, and particle volume fraction at the aluminum reaction front (RF), along with 

the particle induction length, as functions of particle loading. Evidently, the detonation propagation 

exhibits four regimes based on speed characteristics in Fig. 3(b), each demonstrating unique 

combustion dynamics. 
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Fig. 3 (a) Evolution of detonation propagation speed for different particle loadings; (b) Change of 

average detonation speed with the particle loading. The particle diameter is 𝐷𝑑 = 1 µm. 

 

 
Fig. 4 Evolutions of aluminum (a) peak heat release rate (HRR), (b) induction length, (c) gas 

temperature at aluminum reaction front (RF), and (d) particle volume fraction at aluminum RF, as 

functions of particle loading (𝜂). 

 

In Regime I (0 < 𝜂 < 75 g/m3), the detonation wave establishes steady propagation after an initial 

transition length of approximately 0.2 m. The degree of speed enhancement (i.e., the degree of 
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overdrive [26], 𝐷/𝐷𝐶𝐽,𝜂=0) increases rapidly with particle loading. This trend is attributed to two 

factors: the increase in aluminum HRR and the reduction in aluminum induction length, as shown in 

Figs. 4(a) and 4(b), respectively. Within this particle fuel-lean regime, both the gas temperature and 

particle volume fraction at the aluminum reaction front increase rapidly, indicating enhanced particle 

combustion intensity. 

In Regime II (75 < 𝜂 < 350 g/m3), the detonation speed gradually decreases with particle loading, 

resulting in a reduction in gas temperature at the RF. However, due to the increased particle 

concentration behind the leading shock (see Fig. 4d), the peak HRR continues to increase nearly 

linearly, while the particle induction length remains relatively unchanged. 

As the particle loading increases further, the system transitions into Regime III (350 < 𝜂 < 450 

g/m3), characterized by a pulsating propagation mode. In this regime, the average detonation speed (𝐷̅) 

continues to decline with increasing particle loading. Although the peak aluminum HRR still increases, 

the induction length also grows rapidly, indicating a tendency for the aluminum reaction front to 

decouple from the shock front. This decoupling is primarily attributed to a drop in gas temperature and 

the rapid accumulation of particles near the aluminum reaction front, as shown in Figs. 4(c) and 4(d), 

respectively. 

At higher particle loadings (𝜂 > 450 g/m3), the detonation wave loses its self-sustaining capability, 

resulting in failure, defined as Regime IV. This transition is exemplified by the cases with 𝜂 = 450 and 

500 g/m3, as shown in Fig. 3(a). 

The characteristics of hydrogen combustion, specifically the gas peak HRR and induction length, 

are presented in Section C of the supplementary material. The results reveal two key differences 

compared to those of aluminum particle combustion. First, the peak HRR and induction length are 

both much lower than those of Al particles. Second, these parameters remain nearly constant across 

different particle loading conditions, indicating that gas-phase combustion is far less sensitive to Al 

particle loading variations. This difference arises because most of the hydrogen combustion heat is 

released prior to particle ignition. 
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Fig. 5 Stability parameter versus detonation Mach number for the cases shown in Fig. 3. The solid 

neutral stability curve is taken from Ng et al. [23]. The number near the symbol is aluminum particle 

loading with unit of g/m3. 

 

Following the stability parameter 𝜒 proposed by Ng et al. [23], 

 𝜒 ≡ 𝜀𝐼
Δ𝐼𝐿,𝐴𝑙

Δ𝑅𝐿,𝐴𝑙
, (7) 

where 𝜀𝐼 is the reduced effective activation energy, defined as 𝜀𝐼 = 𝐸𝐼/𝑇𝑠, with 𝐸𝐼 being the global 

activation energy and 𝑇𝑠 the temperature jump across the leading shock. Δ𝐼𝐿,𝐴𝑙 and Δ𝑅𝐿,𝐴𝑙 denote the 

induction and reaction lengths of aluminum particles, respectively. The computed values of 𝜀𝐼 range 

approximately from 4 in the particle-free case to 10 in the pulsating case in Fig. 3. Fig. 5 summarizes 

the cases by plotting the stability parameter 𝜒 along with the neutral stability curve proposed by Ng et 

al. [23]. The detonation Mach number is calculated based on the ratio 𝐷/𝐷𝐶𝐽,𝜂=0 shown in Fig. 3, 

where 𝐷𝐶𝐽,𝜂=0  corresponds to a Mach number 3.6. Notably, the current one-dimensional hybrid 

detonation states also align well with this universal neutral stability curve. As the particle loading 

increases from 5 to 75 g/m3, the decreasing 𝜒 indicates enhanced detonation stability. Further increases 

in loading lead to a rise in 𝜒, suggesting a reduction in wave stability. Specifically, when the loading 

exceeds 380 g/m3, the elevated 𝜒 surpasses the neutral stability threshold, ultimately triggering the 

pulsating propagation behavior observed in Regime III. 
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Fig. 6 Diagram of detonation Regime I to IV: particle diameter versus particle loading. 

 

Figure 6 presents a comprehensive phase diagram illustrating different propagation regimes as 

functions of particle loading and particle diameter. The results show a clear dependence of regime 

transitions on particle size: as diameter increases from 0.5 to 4 µm, the critical particle loading between 

Regime I and II rises from ~40 g/m3 to 175 g/m3, marked by the left dashed line in Fig. 6. This is 

because for larger particles, the reduced heat transfer efficiency due to their smaller specific surface 

area results in longer induction zones. As a result, larger particles require higher HRR, which is 

achieved through increased particle loading to compensate for the extended induction lengths. Notably, 

pulsating propagation (Regime III) occurs only when the particle diameter is relatively small. In 

contrast, larger particles under high loading conditions are more likely to cause detonation failure due 

to the loss of self-sustaining propagation. The critical particle loading threshold for detonation failure 

exhibits an inverse correlation with particle diameter, as indicated by the right dashed line in Fig. 6. 

This fundamental inverse correlation between particle size and detonation stability has been 

consistently demonstrated and validated in previous experimental and numerical studies [17, 49, 50]. 
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4.2 Steady detonation 

In this section, we focus on the steady detonation propagation in Regime I and II. When the 

detonation wave reaches a steady state, the post-shock structure remains stable in the shock frame. We 

analyze a representative case with 𝐷𝑑 = 1 µm and 𝜂 = 100 g/m3 in Fig. 7, which displays the post-

shock distributions of pressure, gas and particle temperatures, heat release rates, and molar 

concentrations of various species. 

As shown in Fig. 7(a), the hydrogen reaction front, identified by the peak HRR at point 2, 

propagates ahead of the Al reaction front (point 3) behind the shock front (point 1). Figure 7(b) reveals 

a two-stage temperature rise in the post-shock gas phase: the first temperature increase (~2,900 K) is 

primarily driven by hydrogen combustion, while the second one (~3,800 K) results mainly from Al 

particle combustion, as confirmed by two peaks in the total HRR (𝑞̇𝐻𝑅𝑅,𝑡𝑜𝑡𝑎𝑙) profile in Fig. 7(c). 

Notably, the heat contribution from Al-O2 reactions exceeds that from Al-H2O reactions, even though 

the O₂ fraction is lower than that of H₂O. Interestingly, within the particle reaction zone, the thermal 

effect of gas-phase reactions transitions from being exothermic to endothermic. This shift results from 

the rapid depletion of water vapor (Fig. 7d), which is consumed by particle surface reactions. To 

investigate this phenomenon, a detailed reaction pathway analysis was conducted using Cantera, 

focusing on elementary reactions involving the H radical. Details of the analysis are provided in 

Section D of the supplementary material. The results indicate that the primary contributors to the 

endothermic effect are the following H2O decomposition reactions: R7: H2O + M <=> H + OH + M 

and R3: H + H2O <=> H2 + OH. Behind the Al reaction front, the pressure gradually decreases, 

characterizing the expansion zone of the hybrid detonation.  
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Fig. 7 Post-shock distributions of (a) pressure, (b) gas and particle temperature, (c) heat release rate, 

and (d) molar concentrations of various species. The particle diameter is 1 µm, and the particle 

loading is 100 g/m3. Point 1 correspond to the shock front (SF); and points 2 and 3 are respectively 

for reaction fronts of hydrogen and aluminum. 

 

 
Fig. 8 Distributions of normalized pressure (top), gas temperature (middle) and density (bottom) for 

different particle loadings: (a) Regime I, (b) Regime II. Solid symbols represent the locations of Al 

HRR peak, xRF,Al. 
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Figure 8 presents the profiles of pressure, gas temperature, and density behind the shock front 

with various particle loadings. For Regime I (5-75 g/m3), the von Neumann spike pressure increases 

rapidly with particle loading, primarily due to the substantial rise in gas temperature. This 

intensification is driven by the increase in the Al HRR peak and the decrease in the Al induction length, 

as seen from the solid symbols in Fig. 8(a). Both pressure and gas density exhibit gradual decay profiles 

downstream of the shock wave, indicating an immediate expansion region. This corresponds to the 

single-front detonation (SFD) structure, following the classification proposed by Veyssiere [3], 

wherein the von Neumann pressure aligns with the peak pressure. It is noteworthy that a similar single-

pressure-peak structure was observed in recent one-dimensional Al-air detonation study [18]; however, 

their reported pressure peak slightly trails behind the shock front. The reason for this discrepancy is 

primarily attributed to the effect of hydrogen combustion heat release. 

For Regime II (75-350 g/m3) in Fig. 8(b), the flow field undergoes a significant transition, 

evolving into a unique quasi-double-front detonation (quasi-DFD) structure. This structure is 

characterized by the formation of a distinct compression zone located behind the shock front but ahead 

of the Al reaction front (indicated by the solid symbol in Fig. 8b). Spatially, this compression zone 

resides within the particle induction zone. This transitional structure only occurs for small, micron-

sized particles. As the particle diameter increases to around 4 µm, the quasi-DFD structure further 

develops into a typical DFD structure [3, 18], characterized by two distinct pressure peaks. This 

transition is attributed to the elongation of the particle induction zone with increasing particle size. 

Additional details on this transition are provided in Section E of the supplementary material. 

To elucidate the formation mechanisms underlying the two distinct pressure profiles observed in 

Fig. 8, one-dimensional gas-dynamic flow theory [51] is employed for quantitative analysis. The 

hybrid detonation structure of H2-Al mixtures results from complex interactions among various 

physical and chemical processes, including hydrogen combustion, interphase heat convection, particle 

combustion, and interphase momentum transfer. These effects can be decoupled and quantified using 

the following equations [30]: 
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Here 𝑈 and 𝑀𝑎 represent the relative velocity and Mach number in the shock coordinate system, 

respectively. 𝛾  is the specific heat ratio, 𝑞̇𝐻2  the gas-phase HRR, 𝑆𝐴𝑙,𝑐𝑜𝑛𝑣  the interphase heat 

convection rate, 𝑆𝐴𝑙,𝑟𝑒𝑎𝑐𝑡 the Al particle combustion HRR, 𝑆𝑚𝑎𝑠𝑠 the interphase mass transfer rate, and 

𝑆𝑚𝑜𝑚 the interphase momentum transfer rate. Two representative cases with particle loadings of 30 

and 300 g/m3, corresponding to Regimes I and II respectively, are selected for detailed analysis. Figure 

9 presents post-shock distributions of pressure, the net value of −(d𝑝/d𝑥)/𝑝, and the four separate 

contribution terms in Eq. (8). 

When 𝜂 = 30 g/m3, the pressure behind the leading shock continuously decreases, yielding a 

consistently negative net value of −(d𝑝/d𝑥)/𝑝. This is primarily driven by sequential combustion 

effects from H2 and Al particles, as illustrated in Fig. 9(b). Before the initiation of Al particle surface 

reactions, the negative contribution from hydrogen combustion surpasses the combined positive 

contributions of interphase momentum transfer and heat convection. As a result, an immediate pressure 

decrease follows the shock front. Apparently, particle combustion significantly elongates the reaction 

zone and primarily contributes to the formation of the expansion region in the hybrid mixture. 

When 𝜂 = 300 g/m3 in Fig. 9(c), a significant increase in interphase momentum and heat transfer 

occurs prior to the initiation of particle surface reactions, surpassing the effects of hydrogen 

combustion. Consequently, the net contribution from the four terms becomes positive immediately 

downstream of the shock, resulting in the formation of a compression region. As the particle diameter 

increases, the particle induction length extends substantially, transforming this quasi-DFD structure 

into a typical DFD structure characterized by two distinct pressure peaks, as extensively investigated 

in recent Al-air detonation studies [18]. Upon initiation of particle surface reactions, the Al combustion 
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effect rapidly increases, causing the net value of −(d𝑝/d𝑥)/𝑝 to drops below zero and leading to the 

formation of an expansion region. In this scenario, hydrogen combustion plays a relatively minor role 

in shaping the pressure profile, with the particle phase predominantly governing both the compression 

and expansion zones. Thus, such a hybrid detonation inherently constitutes a heterogeneous detonation 

[35]. 

 
Fig. 9 Upper panels: pressure profile and net value of −(d𝑝/d𝑥)/𝑝. Lower panels: Separate 

contributions of hydrogen combustion, interphase heat convection, aluminum particle combustion, 

and momentum transfer to the pressure profile. Particle loading is 30 g/m3 in (a) and (b), and 300 

g/m3 in (c) and (d). 

 

4.3 Pulsating detonation 

Although pulsating propagation modes have previously been observed in one-dimensional Al-air 

[18] and Al-C2H2-air [12] detonations, detailed analyses of the underlying mechanisms driving such 

pulsations have not been provided. This section investigates the fundamental mechanisms governing 

such pulsating behavior in hybrid detonation system. To elucidate these mechanisms, a representative 

case with 𝐷𝑑 = 2 µm and 𝜂 = 380 g/m3 has been selected. 

Figure 10 presents the temporal evolution of shock speed, integrated heat release rate from 

aluminum combustion (𝑄̇𝐴𝑙,𝑐𝑜𝑚𝑏), hydrogen combustion (𝑄̇𝐻2,𝑐𝑜𝑚𝑏), and interphase heat convective 
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exchange (𝑄̇𝑐𝑜𝑛𝑣). The results reveal that the pulsating behaviors of the shock speed primarily originate 

from oscillations in the heat release from the particle phase. In contrast, the integrated heat release 

from hydrogen combustion remains relatively stable. 

 

Fig. 10 Evolutions of (a) shock speed and (b) integrated heat transfer rate. The particle diameter and 

mass loading are 2 µm and 380 g/m3, respectively. 

 

Figure 11 presents the x-t diagrams of four critical parameters - pressure, gas temperature, gas 

momentum, and energy source terms - in the shock frame. As shown in Fig. 11(a), the system generates 

periodic strong compression waves that originate from the Al reaction front and propagate upstream 

towards the shock front, while simultaneously producing weaker compression waves that travel 

downstream into the expansion region. Both wave systems exhibit pulsation patterns synchronized 

with the Al reaction front, indicating a strong coupling between the particle combustion dynamics and 

wave propagation characteristics. The particle induction zone, defined as the region between the shock 

front and Al reaction front, is characterized by simultaneously elevated pressure (Fig. 11a) and reduced 

temperature (Fig. 11b) compared to the downstream expansion region. Notably, substantial negative 

values of interphase momentum loss (𝐒mom, Fig. 11c) are observed within this zone, caused by drag 

forces resulting from the large velocity difference between the two phases [35]. This region also 
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exhibits a negative convective heat transfer rate (Fig. 11d). Immediately downstream, strong heat 

Fig. 11 Temporal evolution of the distributions of (a) pressure, (b) gas temperature, (c) momentum 

source term, and (d) energy source term in the frame moving with the shock front. The particle 

diameter is 2 µm, and the particle loading is 380 g/m3. 
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Fig. 12 Temporal evolution of (a) shock speed, (b) local heat release rate at Al reaction front (RF), 

(c) pressure, (d) gas density, (e) gas temperature, and (f) gas heat release rate distributions in the 

frame moving with the shock front. 
 

Figure 12 presents complementary x-t diagrams illustrating the temporal evolution of shock speed, 

local HRR at the Al reaction front, the distributions of pressure, gas density, gas temperature, and gas-

phase HRR. A complete pulsation cycle occurs between 218 and 232 µs, as marked by the two 

horizontal lines. The acceleration stage (218-226 µs) is characterized by a progressive increase in 

shock speed from 1,885 to 1,998 m/s. This acceleration initiates at the location corresponding to 

maximum HRR at the Al reaction front in Fig. 12(b). The intense energy release at this location 

generates a high-amplitude pressure wave that propagates upstream toward the shock front, which is 

marked by the red arrow in Fig. 12(c). This upstream-propagating pressure wave serves as the primary 

mechanism driving the observed shock acceleration through wave reinforcement [26]. At 226 µs (i.e., 

the horizontal dashed line), the interaction of the pressure wave with the shock front generates a 
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localized high-temperature region (2,805 K), as labeled in Fig. 12(e). This triggers the formation of a 

contact discontinuity (i.e., entropy wave [52]) with distinct density (Fig. 12d) and temperature (Fig. 

12e) discontinuities. As the contact discontinuity propagates downstream from 226 to 232 µs, it marks 

the onset of the deceleration stage. Its subsequent interaction with the original Al reaction front raises 

the local temperature, accelerating chemical reaction kinetics and amplifying the HRR, thereby 

triggering the next pulsation cycle. 

Furthermore, Fig. 12(f) reveals that the interface between heat absorption and release regions 

associated with hydrogen combustion is spatially localized near the Al reaction front. This interface 

demonstrates temporal synchronization with the pulsation characteristics of the Al reaction front, as 

evidenced by their phase-locked behavior. The observed correlation is mediated through the oscillatory 

gas temperature field near the Al reaction front, demonstrating the thermal coupling between gas-phase 

and particle-phase combustion processes. 

Table 1 Summary of oscillation patterns in shock-induced combustion, gaseous detonation, and 

hybrid detonation systems. 

Category 

Stagnation 

streamline before 

blunt body 

1D 

homogeneous 

detonation 

1D hybrid detonation 

Combustion system Shock-induced 

combustion 
Hydrogen-air 

Hydrogen-oxygen-argon 

+ aluminum particles 

 

 

Oscillation 

modes 

Regular 

regime 

 

 
 

 
 

 
Large-

disturbance 

regime 

 

 
 

 
 

- 

One 

oscillation 

cycle of 

regular 

regime 

Accelerating 

stage 
Compression wave: reaction front → shock front 

Decelerating 

stage 
Contact discontinuity: shock front → reaction front 

 

Key influencing factors 

Projectile radius 

[53]; activation 

energy [54] 

Degree of 

overdrive [26]; 

activation energy 

[55] 

Particle loading;  

particle diameter; particle 

activation energy 

 

Table 1 summarizes the oscillation patterns observed in three combustion systems: shock-induced 

combustion around blunt bodies [52, 56], one-dimensional hydrogen-air detonations [20, 26], and 
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current two-phase hybrid system. There are generally two kinds of oscillation modes: the regular 

regime and the large-disturbance regime. In the regular regime, the acceleration stage is characterized 

by upstream-propagating compression waves from the reaction front to the shock front, while the 

deceleration stage features downstream-traveling contact discontinuities from the shock front to the 

reaction front, as schematized in Fig. 12. Although the pulsating behavior observed in the three 

combustion systems appears similar at the macroscopic level, their underlying driving mechanisms 

differ fundamentally. In shock-induced combustion around blunt bodies, oscillations arise from the 

complex interaction between gas-phase reactions and the solid body geometry [53]. In unsteady 

hydrogen–air detonations, the instability primarily originates from the intrinsic properties of highly 

exothermic, chain-branching reaction mechanisms [23]. In contrast, the pulsations in the present hybrid 

detonation system are driven by periodic heat release from particle-phase combustion, modulated by 

particle accumulation behind the shock front. 

In the large-disturbance regime, the reaction front propagates upstream, eventually overtaking and 

directly interacting with the shock front, resulting in pulsed shock acceleration [26, 54]. Notably, this 

regime is absent in the current hybrid detonation system. This absence can be attributed to the inherent 

physical constraints of particle-laden systems: the direct interaction between the Al particle reaction 

front and the shock front is unlikely due to finite induction zone lengths. These finite lengths are 

maintained by the substantial momentum and thermal response timescales of the particulate phase. 

This fundamental difference highlights the unique characteristics present in hybrid detonation systems 

compared to purely gaseous detonations. 

Furthermore, Table 1 provides a summary of key factors influencing wave propagation instability 

across different detonative combustion systems. In shock-induced combustion around blunt bodies, 

experimental and numerical studies have demonstrated that increased projectile radius [53] and 

reduced activation energy [54] significantly enhance instability. For one-dimensional hydrogen-air 

detonations [26], the degree of overdrive (f) serves as a crucial parameter for characterizing pulsation 

modes, with smaller f values correlating with increased instability. In the current hybrid detonation 
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simulations, we identify three primary factors for wave stability: (1) increased particle loading, (2) 

larger particle diameter, and (3) elevated particle activation energy. These parameters collectively 

contribute to the transition from stable to unstable propagation modes. 

 

4.4 Discussion on particle combustion 

 
Fig. 13 Spatial distributions of (a) surface kinetic coefficient 𝑘𝑠 and (b) diffusion coefficient 𝑘𝑑 

behind the shock front with different particle loadings. Particle diameter is 1 µm. 

 

The preceding analysis is primarily focused on gas dynamics; this section turns to the 

characteristics of particle combustion. The Al mass reaction rate, governed by Eq. (4), is controlled by 

two competing factors: the surface-kinetic coefficient (𝑘𝑠) and the diffusion coefficient (𝑘𝑑). The 

overall reaction rate is determined by the rate-limiting coefficient, corresponding to the smaller one. 

Figure 13 presents the spatial distributions of 𝑘𝑠 and 𝑘𝑑 for different particle loadings with particle 

diameter 1 µm. Here, only the coefficients associated with oxygen are shown, as Al-O2 reactions 

dominate under high particle loading conditions. However, it is worth noting that the trends of the 

corresponding coefficients for Al-H2O reactions closely follow those presented in Fig. 13. 

As shown in Fig. 13(a), the surface-kinetic coefficient exhibits significant sensitivity to particle 

loading. In Regime I (0 < 𝜂 < 100 g/m3), 𝑘𝑠 increases rapidly with particle loading, primarily due to 

the rise in particle surface temperature (𝑇𝑠), see Fig. 14(a). This correlation can be explained with the 

Arrhenius-type temperature dependence of 𝑘𝑠 described in Eq. (6). In contrast, in Regimes II and III 
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(𝜂 > 100 g/m3), 𝑘𝑠 gradually decreases as 𝑇𝑠 declines progressively at higher loadings. Compared to 

𝑘𝑠, the diffusion coefficient (𝑘𝑑) exhibits significantly less sensitivity to variations in particle loading. 

 
Fig. 14 Distributions of (a) particle surface temperature, and (b) ratio of surface kinetic coefficient 𝑘𝑠 

to diffusion coefficient 𝑘𝑑. Arrows represent the positions of aluminum reaction front. 

 

To quantitatively evaluate the contributions of surface kinetics versus diffusion processes in 

particle combustion, we analyze the ratio of surface-kinetic coefficient to diffusion coefficient (𝑘𝑠/𝑘𝑑), 

with its spatial distribution presented in Fig. 14(b). The arrows mark the positions of the Al reaction 

front. A ratio exceeding 1.0 indicates that diffusion plays a dominant role in combustion, whereas 

values below 1.0 reflect the greater influence of surface kinetics. Across three Regimes, as the particle 

loading increases, the ratio 𝑘𝑠/𝑘𝑑  within the particle induction zone (xRF,Al < x < xSF) generally 

decreases, demonstrating the growing dominance of surface-kinetic reactions. Particularly noteworthy 

is the case of 𝜂 = 450 g/m3 in Regime III, where the ratio undergoes a substantial reduction, falling 

below unity across most of the induction zone. Consequently, particle combustion within this region 

becomes surface-kinetic-limited. It is worth highlighting that a similar kinetic-limited zone was 

observed during the transition stage of deflagration-to-detonation transition (DDT) in an Al–air 

detonation study [5]. However, once stable detonation was established, particle temperatures rose 

rapidly, leading to predominantly diffusion-limited reactions throughout most of the Al reaction zone, 

consistent with the present findings. Collectively, these results underscore the critical influence of 

temperature-dependent surface-kinetic reactions in governing detonation wave stability. 
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Fig. 15 Evolution of shock speed with different particle activation energy (E in KJ/mol). The particle 

loading is 400 g/m3 and particle diameter is 2 µm. 

 

Fig. 16 Aluminum heat release rate at the reaction front for different particle activation energies 

shown in Fig. 15 (E in KJ/mol). 

 

Figure 15 illustrates the evolution of shock speed for different activation energies (51-91 kJ/mol). 

For cases with successful initiation, the final average detonation speeds remain similar (~1,975 m/s). 

However, the results clearly demonstrate a progressive shift in detonation behavior with increasing 

activation energy: stable propagation at lower activation energies (< 66 kJ/mol), pulsating propagation 

at intermediate values (~71 kJ/mol), and complete extinction at higher energies (> 81 kJ/mol). Based 

on Eq. (6), at the same particle temperature, an increase in activation energy effectively reduces the 

surface reaction rate constant 𝑘𝑠, thereby decreasing the overall heat release. As illustrated in Fig. 16, 
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this reduction in average heat release slows the progression of surface reactions, thereby limiting the 

energy available to sustain the detonation front. Consequently, under the same particle mass loading, 

the system becomes more susceptible to unstable propagation due to insufficient local energy release. 

The distributions of 𝑘𝑠 , 𝑘𝑑 , and their ratio (𝑘𝑠/𝑘𝑑) for successful initiation cases are presented in 

Section E of the supplementary material. These results demonstrate that higher activation energy 

enhances the dominance of surface-kinetic reactions within the particle induction zone. This finding 

aligns with Zhang et al.'s [5] two-dimensional study of Al-air detonation, which demonstrated that 

increased activation energy enhances detonation instability, as evidenced by greater cell irregularity. 

 

5. Conclusions 

The hybrid detonation of hydrogen-oxygen-argon mixtures containing suspended aluminum 

particles is numerically investigated using a compressible two-phase flow solver based on the Eulerian-

Lagrangian approach. This study systematically examines the influence of two key parameters - 

particle loading and diameter - on detonation propagation. The hybrid detonation exhibits four distinct 

regimes based on shock speed characteristics. Regime I features steady propagation with rapidly 

increasing detonation speed, driven by intensified particle heat release and reduced induction lengths, 

forming an SFD-like structure. In Regime II, detonation remains steady but slows gradually due to a 

compression region—formed by interphase momentum and heat transfer before ignition—that 

weakens the thermal driving effect; this unique quasi-DFD structure may evolve into a typical DFD 

with larger particles. Regime III is characterized by pulsating propagation, caused by instability in the 

compression zone: high-pressure waves from the Al reaction front accelerate the shock, while 

downstream contact discontinuities induce deceleration. Finally, in Regime IV, excessive particle 

loading leads to decoupling between the shock and reaction fronts, resulting in detonation failure.  

Regarding the characteristics of particle combustion, in Regimes I and II, where particle loading 

is relatively low, both diffusion-controlled and surface-kinetic reactions coexist, with the former being 

dominant. In Regime III, as the loading increases, surface-kinetic reactions play an increasing role in 
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aluminum combustion, primarily due to the reduced particle surface temperature within the induction 

zone. Additional simulations reveal that higher particle activation energies further facilitate the 

transition from stable to unstable detonation modes. 

It is worth noting that further refinement of the hybrid model is required, particularly in 

representing aluminum–steam surface reactions under extreme conditions. Nevertheless, the present 

findings enhance our understanding of hybrid detonation dynamics and offer valuable insights for the 

optimization and control of such systems in practical applications. Future work should explore the 

effects of polydisperse particles, non-uniform initial distributions, and transverse wave phenomena to 

more accurately capture real detonation environments. 
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