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Abstract 

The vaporization and combustion of clusters of aluminum particles in shocked flows is studied through 

interface-resolved 2D numerical simulations.  These meso-scale simulations elucidate, for the first time, 

aspects of vaporization and burning in molten aluminum(𝐴𝑙) particle clusters that are markedly 

different from an isolated burning 𝐴𝑙 particle. Unsteadiness due to shock-generated baroclinic vorticity 

(inviscid mechanisms) and interactions between the wakes of molten 𝐴𝑙 particles (viscous mechanisms) 

are found to have significant effects; vortical mixing facilitates kinetically-limited combustion of the 

particles located upstream in the cluster. Whereas, for particles located downstream in the cluster, the 

interaction with the low-speed, oxygen-lean wake of the upstream particles leads to diffusion-limited 

combustion. Results show that particles in a cluster have lower rates of vaporization and combustion 

than isolated particles under the same overall flow conditions. To isolate inviscid and viscous effects, 

the flame structure and vaporization rate for particles in a cluster are quantified in terms of local flow 

conditions, i.e. the local Mach number, Reynolds number, location of a particle in the cluster, and 

volume fraction. The results obtained in this study will be useful in understanding and modelling the 

meso-scale physics of shock-induced burning of explosively dispersed reactive aluminum particles.   
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1. Introduction 

The rapid energy released during the combustion of high-speed multiphase mixtures, e.g. micron-scale 

particles of Aluminum(𝐴𝑙) or other metal additives in air or deflagration/detonation products is of 

relevance to many emerging civil and military applications [1,2]. The enthalpy of combustion of 𝐴𝑙 
particles is 5-6 times higher than that of the non-metallic energetic compounds (e.g. Ammonium 

perchlorate, TNT, RDX, HMX, etc.) [1,3].  𝐴𝑙 particles are therefore extensively used as energetic 

additives  [4–6] in propellants and explosives. During combustion of the aluminized energetic materials, 

the 𝐴𝑙 particles first undergo a phase change from solid to liquid. An oxide layer forms rapidly around 

the liquid 𝐴𝑙 particles; this layer subsequently cracks open and the resulting molten 𝐴𝑙 burns in the 

surrounding oxidizer, thereby enhancing the performance of energetic materials.  

The rate of energy released by the combustion of the 𝐴𝑙 particles depends on the combustion dynamics 

(e.g. shock interactions, vaporization rates, flame structures) in the surrounding high-speed gas flow. 

While the combustion of individual 𝐴𝑙 particles in hot, high-speed reacting flows has been studied 

through experiments and simulations, the combustion behaviour of Al particles clusters at the length 

scale of the particles (i.e. the meso-scale) is not yet well understood. This work fills this knowledge gap 

by studying for the first time the detailed meso-scale physics of combustion of Al particle clusters in 

high Mach number flows. Combustion of 𝐴𝑙 particle clusters in shocked flows is studied through 

interface-resolved 2D numerical simulations. The flow conditions in current simulations are 

characterized using the Mach number(𝑀𝑠), Reynolds number(𝑅𝑒𝐷) and particle volume fraction in 

percentage(𝜙) as defined below: 

 𝑀𝑠 =
𝑢𝑠

𝑐𝑢𝑠
 (1) 

 𝑅𝑒𝐷 =
𝜌𝑝𝑠𝑢𝑝𝑠𝐷

𝜇
 (2) 

 𝜙 =
25𝑛𝜋𝐷2

𝐴𝑐
 (3) 

where 𝑢𝑠 is the speed of the shock in the laboratory frame of reference and 𝑐𝑢𝑠 is the speed of sound in 

the unshocked air. 𝜌𝑝𝑠 and 𝑢𝑝𝑠 are the post-shock density and velocity of air in the laboratory frame of 

reference. 𝜇 is the viscosity of air, 𝐷 is the initial diameter of the particles in a cluster. 𝑛 and 𝐴𝑐 are the 

total number of particles and the area covered by the cluster in 2D simulation. The present high-

resolution, sharp interface numerical simulations provide new insights into the effects of local flow 

conditions, on the combustion behavior of the 𝐴𝑙 particles in a cluster, distinguishing the physics in a 

cluster from that of an isolated particle.  

1.1 State-of-the-art of modelling of combustion of Al particles 

The combustion of isolated Al particles has to date been fairly well studied through experiments [7–

10]. A comprehensive review of the earlier experimental efforts on developing correlations for the 

burning time of Al particles and particles can be found in [7]. More recently, spectroscopy [11], 

pyrometry [12], and other advanced optical imaging methods [13] have been used to understand the 

combustion of 𝐴𝑙 particles and particles. These previous studies have advanced the threshold of our 

understanding of the combustion of  𝐴𝑙 particles in the dilute regime, where reacting 𝐴𝑙 particles are 

sufficiently far apart that they can be treated as isolated particles. Such flow scenarios generally occur 

in the combustion chamber of solid rocket motors. However, the dilute flow assumption does not hold 

during the detonation of aluminized high explosives or near the surfaces of aluminized propellants, 

where a higher volume fraction of 𝐴𝑙 particles prevails(𝜙~10% − 30%) [14]. In a cluster of 𝐴𝑙 
particles at higher volume fractions, the interaction between the dispersed particles influences their 

ignition and combustion [15–18]. 



3 

 

The current body of knowledge--experimental as well as theoretical-- on vaporization and burning of 

particle clusters is rather sparse. Shock-induced combustion of 𝐴𝑙 particle and particle clouds has been 

investigated experimentally [1,4,17,18]. Boiko et al. [17–19] studied the effects of pressure, particle 

diameter, and volume fraction on the ignition characteristics of 𝐴𝑙 particles clouds in shocked flows. 

The effects of particle diameter on the cumulative burning rate of 𝐴𝑙 particles clouds in post-detonation 

flow was investigated by Tanguay et al. [1]. Zhang et al.  [4,20] showed that the detonation 

characteristics of the 𝐴𝑙 particle clouds suspended in air depends on the initial pressure. These previous 

experimental studies were focused on determining the macro-scale properties of 𝐴𝑙 particle combustion 

such as the effects of particle size, volume fraction and initial flow conditions on the ignition delay, 

burning rate and characteristics of detonation waves.  However, the underlying meso-scale physics at 

the length scale of the particles governing the macro-scale combustion behaviour was not investigated 

in the above-mentioned studies.  

Studying the particle-resolved meso-scale physics of Al particle combustion in shocked flows through 

experiments is expensive and challenging. It is difficult to create the high-pressure and high-speed 

conditions observed during explosions in a controlled laboratory environment [5]. Additionally, 

observing and measuring the combustion of an Al particle of few micrometers in diameter over a 

duration of a few microseconds becomes a daunting task even with modern laboratory equipment, 

although some preliminary efforts are being undertaken [21,22]. Numerical modelling [23–26] offers 

an alternative route for studying Al particle combustion in the shocked flows. Several numerical models 

for the combustion of 𝐴𝑙 particle clouds under post-detonation conditions have been 

developed  [1,4,16,27,28]. In such multiphase models, the continuous gaseous phase is modelled in an 

Eulerian frame of reference, while the dispersed 𝐴𝑙 particles can be modeled either as one phase in a 

continuous multi-phase mixture in the Eulerian frame of reference  [16,29,30] or as point particles in 

the Lagrangian frame of reference  [28,31,32]. In such multiphase models, the interaction of the carrier 

flow with the particles is modeled using closure terms (empirical correlations) in the governing 

equations. The detailed meso-scale interactions of the post-detonation flow with the individual particles 

in a cluster are not resolved in these studies. 

1.2 Understanding the physics of combustion in particle clusters 

Interface-resolved numerical models for the combustion of isolated 𝐴𝑙 particles in low subsonic flows 

were developed in  [23,24,33,34], while numerical models of aluminum particle combustion in high-

speed flows have been published only recently by Houim et al.  [35] and Das et al. [26,36,37]. These 

previous models considered the combustion of isolated 𝐴𝑙 particles only. To the authors’ knowledge 

the current paper is the first attempt at modelling the combustion of 𝐴𝑙 particle clusters in shocked flows 

to study the interaction of the reacting particles in high volume-fraction air-𝐴𝑙  mixtures.   

There is a limited understanding of the thermophysics of particle clusters in high-speed flows. The 

combustion behaviour of  particles in high-speed flows can be characterized either as diffusion-limited 

or kinetically-limited [1,11,38]. Macro-scale models for the burn rate of 𝐴𝑙 particles under the 

assumption of kinetically-limited combustion are significantly different from the models for burn rate 

under the assumption of diffusion-limited combustion [1]. For instance, a “wake flame” [39,40] 

characterizes kinetically-limited combustion of a particle while an “envelope flame” [39,40] indicates 

that the combustion is diffusion-limited [41]. However, it is challenging to observe the meso-scale 

flame structure of particles burning in shocked flows in experimental studies; the implications of flame 

structure can only be surmised based on the experimental measurements of the cumulative burn time 

data. The experimental measurements of Tanguay et al. [1] indicated that the 𝐴𝑙 particles in a cloud 

undergo kinetically-limited combustion in a post-detonation flow. On the other hand, Zhang et al. [4] 

proposed a surface kinetic oxidation and diffusion hybrid model to represent the burn rate of 𝐴𝑙 particles 

clouds in post-detonation conditions based on their pressure measurements in a detonation tube. An 

appropriate burn rate model must be used in a macro-scale calculation of 𝐴𝑙 particle combustion in 

shocked flow based on combustion behavior of particles under local conditions of 𝑀𝑠 and 𝑅𝑒𝐷 within 

a particle cluster. However, the meso-scale flame structure and vaporization rates of an 𝐴𝑙 particle in a 

cluster over a range of 𝑀𝑠 and 𝑅𝑒𝐷 remains poorly understood. 
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Previous experimental studies [15,18] show that the ignition and combustion of the Al particles and 

particles depend on the volume fraction 𝜙 in a cluster. Cassel et al. [15] showed that the flame-structure 

in a cluster of particles changes with 𝜙. The effect of local 𝜙 on the flame-structure in a reacting particle 

cluster was also previously discussed in macro-scale multiphase calculations [16,42]. However, the 

existing models for the burn rate of 𝐴𝑙 particles in shocked flows [4,18,43,44] do not account for the 

clustering of particles i.e. they do not incorporate the dependence on 𝜙. The meso-scale physics 

responsible for changes in the flame-structure and vaporization rate of  particles with varying 𝜙 remains 

unexplored. In addition, the combustion behavior of  𝐴𝑙 particle clusters in  shocked flows at  different 

𝑀𝑠 and 𝑅𝑒𝐷 needs to be characterized to develop burn models for use in macro-scale multiphase 

models [16,28].  

Interface-resolved direct numerical simulations(DNS) can address these gaps in current knowledge on 

𝐴𝑙 particle cluster combustion in shocked flows. However, DNS of combustion of 𝐴𝑙 particles cluster 

in shocked flows is computationally expensive. Previously, such calculations have only been performed 

for hydrocarbon fuel droplets in low Mach number flows by a handful of researchers [45–47]. DNS of 

vaporization of a single droplet in shocked flows has been performed before [36]. However, such 

calculations for reacting clusters of droplets will be prohibitively expensive(leading to a mesh size of 

the order of billion grid points) and have not been performed yet. Two-dimensional interface-resolved 

simulations of reacting Al particle clusters are performed in this work to keep the computational costs 

tractable. The flame dynamics around particles primarily depend on the volatility of the molten 

particle(or vaporization mass flux), mixing of the vapor produced at particle surface with oxidizer in 

the free-stream through convective and diffusive transport, and the chemical kinetics of combustion of 

aluminum vapor in oxidizer. The 2D assumption in the current calculation will affect the process of 

mixing in the flow. However, the current 2D calculations serve to demonstrate the fundamental effects 

of shock-induced unsteadiness and interaction between particles on the combustion in a cluster. 

During the combustion of an 𝐴𝑙 particle in the air, the aluminum oxide(𝐴𝑙2𝑂3) layer around the particle 

cracks open  [13] as it undergoes phase change. The molten oxide at the particle surface coalesces to 

form a small oxide-cap because of the difference in the surface tension of the liquid 𝐴𝑙 and 𝐴𝑙2𝑂3. As 

a result, the molten 𝐴𝑙 core of the particle is exposed to the air [48]. During the early stage of 

combustion, the oxide cap covers a small fraction of the surface area of the particle [49]. However, as 

the combustion of the particle approaches completion, the oxide cap grows in size due to the re-

condensation of the gaseous oxide produced during combustion. The current study focuses on the 

combustion of the 𝐴𝑙 particles in the early stages after ignition. The rupture of the oxide layer and the 

re-condensation of the oxide are not considered because of the lack of current understanding of the 

physics of cap formation, its properties and its evolution. The combustion of molten pure 𝐴𝑙 particles 

is modelled using a levelset [50] based sharp-interface method for computing droplet combustion under 

the influence of shocks [26,36]. The reaction of vapor released from molten pure aluminum particles is 

studied in this work. The numerical results for the combustion of 𝐴𝑙 particle clusters are compared with 

isolated particles to study the effects of particle interaction on the flame structure and burning rate of 

the particles. Numerical calculations are performed for different 𝜙, 𝑀𝑠, and 𝑅𝑒𝐷 to understand the role 

of local flow conditions in determining the combustion behavior of 𝐴𝑙 particle clusters at the meso-

scale.  

The rest of the paper is organized as follows: the numerical model for 𝐴𝑙 particle combustion is 

described in Section 2 and validation exercises are presented. Combustion of Al particle cluster at 𝑀𝑠 =
3.5, 𝑅𝑒𝐷 = 1000 and 𝜙 = 20% is studied and compared with the combustion of an isolated particle in 

section 3.1. Thereafter, the effects of 𝜙, 𝑀𝑠and 𝑅𝑒𝐷 on the combustion of 𝐴𝑙 particle, clusters are studied 

through DNS in sections 3.2, 3.3, and 3.4 respectively. Conclusions from the current study are presented 

in Section 4. 

2. Methods 

A Cartesian grid-based sharp-interface Eulerian method  [51–53] is used to compute the combustion of 

the Al particle cluster under the influence of shocks. In this framework, the liquid and the gaseous phases 

in the computation domain are separated by a sharply defined interface. The governing equations for 
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reacting compressible flows are solved separately in each phase to evolve the flow-field in time. The 

levelset method [54] is used to track the liquid-gas interface embedded in the Cartesian grid. A modified 

Riemann solver based ghost fluid method (rGFM) [36] is used to impose the appropriate jump 

conditions (i.e. the conservations laws) at a sharply-defined reacting interface between the gas and the 

liquid 𝐴𝑙 particles. The phase-change at the sharp gas-liquid interface is modelled using the Schage-

Knudsen equation [55]. A multistep Arrhenius kinetics model for combustion of 𝐴𝑙 particles in air given 

by Huang et al. [56] is used to compute the reaction in the gas-phase. The current numerical framework 

for computing the combustion of liquid 𝐴𝑙 particles was described in a series of previously published 

papers [26,36,37] and are not reproduced here in the interest of brevity. The numerical framework is 

presented in the supplementary material for completeness [57]. 

2.1 Calculation of the quantities of interest 

The combustion of Al particle clusters under the influence of incoming shocks at various Mach 

numbers(𝑀𝑠), Reynolds numbers(𝑅𝑒𝐷) and particle volume fractions(𝜙) is numerically studied using 

the sharp-interface framework. The post-shock conditions are selected as the reference conditions to 

define the nondimensional parameters characterizing the flow field and the quantities of interest such 

as the Reynolds number(𝑅𝑒𝐷), drag-coefficients(𝐶𝐷), and Sherwood number(𝑆ℎ). In the current 

calculations, particle clusters of uniform initial diameter(𝐷) are considered and 𝐷 is selected such that 

the desired 𝑅𝑒𝐷 is achieved for a given 𝑀𝑠. 

The drag-coefficient of the 𝑖𝑡ℎ particle in the cluster is calculated from: 

 𝐶𝐷,𝑖(𝑡) =
𝐹𝐷,𝑖(𝑡)

0.5𝜌𝑝𝑠𝑢𝑝𝑠
2 𝐷 

 (4) 

𝐹𝐷,𝑖(𝑡) is the x-component of the resultant force acting on the 𝑖𝑡ℎ particle in the cluster at time 𝑡.  

The instantaneous Sherwood number(𝑆ℎ) of the 𝑖𝑡ℎ particle at time 𝑡 is defined as [58]:  

 𝑆ℎ𝑖(𝑡) =
𝑚𝑖̇ "(𝑡)𝐷

𝜌𝑝𝑠𝐷𝑣(𝑌𝑠 − 𝑌∞)
 (5) 

where 𝐷𝑣 is the diffusion coefficient of Al vapor in air at the particle surface. 𝑚𝑖̇ " is the instantaneous 

average vaporization mass flux at the surface of the 𝑖𝑡ℎ particle at time 𝑡. 𝑚𝑖̇ "  is obtained by taking the 

average of local mass flux at the particle surface(𝜔"̇ ) using the following equation: 

 𝑚𝑖̇ "(𝑡)   =
∮ 𝜔"̇ 𝑑𝑙

 

𝑆

𝑆
 (6) 

𝑆 is the perimeter (surface area in 3D) of the particle. 𝑌∞ in eq. (5) is the mass fraction of Al vapor in 

the free-stream flow far upstream of the particle. In the current calculations, the incoming free-stream 

flow does not contain any Al vapor; therefore, 𝑌∞ = 0. 𝑌𝑠 in eq. (5) is the mass-fraction of Al vapor in 

a saturated air-vapor mixture at the temperature 𝑇𝑙. 𝑌𝑠 is computed from the following relation: 

 𝑌𝑠 =
𝑀𝑤𝐴𝑙𝑝𝑠𝑎𝑡

𝑀𝑤𝑎𝑖𝑟(𝑝𝑝𝑠 − 𝑝𝑠𝑎𝑡) + 𝑀𝑤𝐴𝑙𝑝𝑠𝑎𝑡

 (7) 

where 𝑝𝑠𝑎𝑡 is the saturation vapor pressure of Al vapor at the average particle temperature 𝑇𝑙. 𝑝𝑝𝑠 is the 

post-shock pressure. 𝑀𝑤𝐴𝑙 and 𝑀𝑤𝑎𝑖𝑟 are the molecular weight of Al and air. 

The average drag force (𝐹𝐷
̅̅ ̅), drag coefficient (𝐶𝐷

̅̅̅̅ ) and Sherwood number (𝑆ℎ̅̅ ̅ )  of particles in a cluster 

are calculated as follows: 
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 𝐹𝐷
̅̅ ̅ =

∑ 𝐹𝐷,𝑖(𝑡)𝑛𝑡
𝑖=1

𝑛𝑡
 (8) 

 𝐶𝐷
̅̅̅̅ =

∑ 𝐶𝐷,𝑖(𝑡)𝑛𝑡
𝑖=1

𝑛𝑡
 (9) 

 

 
𝑆ℎ̅̅ ̅  =

∑ 𝑆ℎ𝑖(𝑡)𝑛𝑡
𝑖=1

𝑛𝑡
 (10) 

where nt is the number of particles immersed in the post-shock fluid at a time t. 

The time-averaged Sherwood number of an isolated particle(〈𝑆ℎ〉)   and the particles in the 

cluster(〈𝑆ℎ̅̅ ̅〉)  over the simulation time 𝑡𝑠  are calculated as: 

 〈𝑆ℎ〉 =
∫ 𝑆ℎ𝑑𝑡

𝑡𝑠

0

𝑡𝑠
 (11) 

 〈𝑆ℎ̅̅ ̅〉 =
∫ 𝑆ℎ̅̅ ̅𝑑𝑡

𝑡𝑠

0

𝑡𝑠
 (12) 

The relative difference in the time-averaged Sherwood number of the particles in a cluster and an 

isolated particle under the same 𝑀𝑠 and 𝑅𝑒𝐷 is computed from: 

  Δ𝑆ℎ =
|〈𝑆ℎ〉 − 〈𝑆ℎ̅̅ ̅〉|

〈𝑆ℎ̅̅ ̅〉
 (13) 

The Favre-averaged temperature(�̃�), pressure(�̃�), and velocity components along x and y-

axis(�̃� and �̃�) of the gaseous phase within the cluster of particles are obtained from: 

�̃� =
∬ 𝜌𝑇𝑑𝐴

∬ 𝜌𝑑𝐴
 (14) 

�̃� =
∬ 𝜌𝑝𝑑𝐴

∬ 𝜌𝑑𝐴
 (15) 

�̃� =
∬ 𝜌𝑢𝑑𝐴

∬ 𝜌𝑑𝐴
 (16) 

�̃� =
∬ 𝜌𝑣𝑑𝐴

∬ 𝜌𝑑𝐴
 

(17) 

To quantify the deformation in the shape of the particles, an effective mean diameter,𝐷𝑒𝑓𝑓 is defined. 

The 𝐷𝑒𝑓𝑓 is analogous to the definition of Sauter mean diameter for spherical particles in 3D and is 

defined as: 

 𝐷𝑒𝑓𝑓 =
𝐷𝐴

2

𝐷𝑃
=

4𝐴𝑑

𝑆
  (18) 

where 𝐷𝐴 and 𝐷𝑃 are the diameter of the cylinders with the same cross-sectional area and the same 

length of the cross-sectional perimeter of the deformed cylindrical particle, respectively. 𝐴𝑑 is the 
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instantaneous cross-sectional area of the deformed cylindrical particle. 𝐷𝑒𝑓𝑓 is an “average or effective 

diameter” of the deformed particle. As the particle deforms, 𝑆 will increase, and consequently 𝐷𝑒𝑓𝑓 will 

decrease. Therefore, 𝐷𝑒𝑓𝑓 quantifies the deformation of the particle, so that lower 𝐷𝑒𝑓𝑓 indicates higher 

deformation of the particle. 𝐷𝑒𝑓𝑓,𝑖 represents the effective mean diameter of the 𝑖𝑡ℎ particle in the 

cluster.  

The average burn-time, 𝑡𝑏, of the particles in the cluster is computed from [35]: 

 𝑡𝑏 =
𝜌𝐴𝑙𝐷

4〈 �̇�"〉
 (19) 

where 𝜌𝐴𝑙 is the density of liquid Aluminum and is taken to be 2003.0 𝑘𝑔/𝑚3. 〈 �̇�"〉 is the time-

averaged vaporization mass-flux at the surface of the particles given by: 

 〈 �̇�"〉 =
𝜌𝑝𝑠𝐷𝑣(𝑌𝑠 − 𝑌∞)〈𝑆ℎ̅̅ ̅〉

𝐷
 (20) 

𝑡𝑏 is scaled as given below to compare the current calculations with the empirical correlation for burn 

time of 𝐴𝑙 particles obtained by Beckstead [7]: 

 𝑡𝑏
′ =

𝑡𝑏𝑋𝑂2
𝑝𝑝𝑠

0.1𝑇𝑝𝑠
0.2

𝑝𝑎𝑡𝑚
0.1 . (21) 

where 𝑋𝑂2
 is the molar concentration of oxygen, 𝑇𝑝𝑠 is the temperature in the flow behind the incident 

shock wave, and 𝑝𝑎𝑡𝑚 is the atmospheric pressure taken as 101325𝑃𝑎.  

The quantities described above are used to characterize the multiphase flow field in the calculations of 

shock-induced combustion of particles presented in the following section.  

3. Results and Discussion 

In this section, the numerical framework is first validated against benchmark results [35,59,60] and the 

grid independence of the current results is established. Then, the numerical framework is used to study 

the combustion of Al particle clusters under influence of shocks. The differences between the 

combustion of particles in a cluster and combustion of an isolated particle are investigated by comparing 

the flow fields and the vaporization rates. The influence of the local flow conditions characterized by 

the 𝜙, 𝑀𝑠 and 𝑅𝑒𝐷 on the flame dynamics and vaporization rates in a particle cluster is examined though 

the numerical calculations. 

3.1 Validation 

The numerical  framework used in the present study has been extensively validated against several 

benchmark experimental  [61,62] and numerical  [35,60,63] results in previous 

publications  [26,36,37,53,64,65]. Here, the multiphase flow solver is validated by comparing current 

results with the benchmark experimental and numerical results for shock interactions with a cylindrical 

water particle. The reaction kinetics solver in the current framework is verified by comparing the results 

for a constant volume reaction of a stoichiometric mixture of air and 𝐴𝑙 vapor with a benchmark reaction 

kinetics solver [66]. Results obtained for the combustion of an isolated 𝐴𝑙 particle is compared with 

benchmark numerical results [35] to validate the multiphase flow solver coupled with the reaction 

kinetics solver. Thus, each component of the numerical techniques used in performing the particle 

cluster simulations is separately validated in this section.  
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3.1.1 Comparison with the experimental results for 𝑴𝒔 = 𝟏. 𝟒𝟕 shock interaction with a 

cylindrical water particle of 4.8 mm in diameter 

An inviscid calculation of 𝑀𝑠 = 1.47 shock interaction with a cylindrical water particle of 𝐷 = 4.8𝑚𝑚 

is performed and the results are compared with benchmark experimental and numerical 

results [36,60,67]. A schematic of the initial setup of the numerical calculation is shown in Figure 1. 

Initially, the particle is located at (6.25𝐷, 6.25𝐷) in the computational domain and the incoming shock 

is at 3.75𝐷. The following initial conditions are used in this calculation: 

 𝛒(𝐤𝐠/𝐦𝟑) 𝐩(𝐏𝐚) 𝐮(𝐦/𝐬) 

Pre-shocked air (
𝐗

𝑫
≥ 𝟑. 𝟕𝟓) 1.0 101000 0.0 

Post-shocked air(
𝐗

𝑫
< 𝟑. 𝟕𝟓) 1.81 237792.72 247.47 

Particle 1000.0 101000.0 0.0 

Table 1 Initial conditions for the inviscid calculation of 𝑀𝑠 = 1.47 shock interaction with a cylindrical 

water particle of 4.8mm in diameter.  

Three different mesh resolutions corresponding to 50, 100, and 200 grid points across the particle 

diameter are used in this calculation. 𝑡 = 0 is assumed at the moment of arrival of the incoming shock 

at the air-water interface of the particle.  

 

𝐶𝐷 of the water particle computed using the three different mesh resolutions mentioned earlier are 

compared with benchmark numerical results [60,67] in Figure 2(a). Discrepancies in the 𝐶𝐷 obtained 

using the mesh resolutions of 50, 100, and 200 points across the particle diameter are insignificant. 

Therefore, the grid resolution of 100 points across the particle diameter is sufficient for this calculation. 

Snapshots of the numerical Schlieren at 
𝑡𝑢𝑠

𝐷
= 1.7 and 

𝑡𝑢𝑠

𝐷
= 3.38 are compared with the experimental 

results [59] in Figure 2(b) and (c) respectively. A similar approach to Meng and Colonius  [68] is used 

to match the time of snapshots in the numerical and experimental results. The results presented in Figure 

2(b) and (c) show that the shape and the locations of the incident and the reflected shock predicted by 

the numerical calculations match closely with the experimental results. The predictions of the shape 

Water particle located at (6.25D,6.25D) 

𝑀𝑠 = 1.47 

Figure 1 A schematic diagram of computational setup for the calculation of 𝑀𝑠 = 1.47 shock 

interaction with a cylindrical water particle of 4.8 mm in diameter.   
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and locations of the Mach stems and the triple points obtained from the current numerical framework 

also agree the experimental results. Therefore, the sharp-interface framework for compressible 

multiphase flows predicts the evolution of the flow-field accurately. Further comparisons of the results 

obtained using the current framework with benchmark experimental [62] and numerical results [60] for 

shock interaction with water particles can be found in [36].  

 

a)  

Figure 2 Comparison of current and benchmark results for 𝑀𝑠 = 1.47 shock interaction with a 

cylindrical water particle of 4.8 mm in diameter. The drag-coefficient obtained from the current 

calculations using three different mesh resolutions(
𝐷

𝛥𝑥
= 50,100, and 200 ) are compared with 

benchmark numerical results obtained by Terashima and Tryggvason[60] and Igra and 

Takayama[67] in (a). The numerical Schlierens are compared with the experimental results at time 
𝑡𝑢𝑠

𝐷
= 1.7 and 3.38 in (b) and (c) respectively. Images in (b) and (c) are reprinted from [59] with 

permission from Springer. 

     

b) 
𝑡𝑢𝑠

𝐷
= 1.7 c) 

𝑡𝑢𝑠

𝐷
= 3.38 
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3.1.2 Verification of the reaction mechanism solver 

Constant volume reactions of the stoichiometric 𝐴𝑙 vapor-air mixture(𝑌𝐴𝑙(𝑔) = 0.208, 𝑌𝑁2
=

0.608, and 𝑌𝑂2
= 0.184 ) are computed using the current reaction mechanism solver and the results are 

compared with the CHEMKED software [66,69]. Three different initial temperatures of the 𝐴𝑙 vapor-

air mixture, viz. 2300K, 2800K, and 3000K are selected for this comparison. Figure 3(a) shows that the 

evolution of the temperature predicted by the current rection mechanism solver match with the 

CHEMKED solution [66,69] for the three initial temperatures of the mixture. Figure 3(b) shows the 

evolution of the mass fractions of reactants and products for reaction initiated at 2800K. The mass-

fraction of all reactants and products obtained from the current reaction chemistry solver closely match 

with the results obtained from the CHEMKED solver [66]. Therefore, the chemical kinetics of the 𝐴𝑙 
vapor-air reaction is solved accurately in the current numerical framework. 

 

Figure 3 a) The temperature rises during the constant volume reaction of the stoichiometric mixture 

of 𝐴𝑙 vapor and air, initiated at 2300K,2800K and 3000K.b) The evolution of the species mass-

fraction during constant-volume reaction of 𝐴𝑙 vapor and air initiated at 2800K. 

b) 

a) 
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3.1.3 Axisymmetric calculation of Al particle combustion under the influence of a 𝑴𝒔 = 𝟐 shock 

The vaporization rate of an isolated reacting 𝐴𝑙 particle under shock loading is computed and compared 

with an available benchmark result  [35]. An axisymmetric calculation is performed for a 𝑀𝑠 = 2 shock 

interacting with a burning 𝐴𝑙 particle, 230𝜇𝑚 in diameter. The initial setup of the computational domain 

is shown in Figure 4. Neumann boundary conditions are applied at the east, west, and north sides of the 

computational domain. An axisymmetric boundary condition is applied at the south boundary of the 

domain. The calculation is initiated with a heated 𝐴𝑙 particle in quiescent flow. The particle center is 

initially located at 𝑥 = 0.575mm and the following initial conditions are used: 

 𝛒(𝐤𝐠/𝐦𝟑) 𝐩(𝐏𝐚) 𝐮(𝐦/𝐬) 𝐓(𝐊) 

Pre-shocked air (𝐱 ≥ 𝟎. 𝟒𝟑𝐦𝐦) 1.177 101325.0 0.0 300.0 

Post-shocked air(𝐱 < 𝟎. 𝟒𝟑𝐦𝐦) 3.138 455962.47 433.95 507.19 

Particle 2003.0 105916.81 0.0 2750.0 

Table 2 Initial conditions for the simulation of Mach 2 shock interaction with a liquid Al particle 

The particle is resolved using 460 grid-points across its initial diameter in this study. A 9-step reaction-

mechanism  [35] for 𝐴𝑙 vapor-air reaction is used in this calculation to compare the current results with 

Houim et al.  [35].  

The temperature field around the reacting 𝐴𝑙 particle at 2𝜇𝑠 is shown in Figure 4(b). The combustion 

of vaporized 𝐴𝑙 increases temperature to ~3500𝐾 in the boundary layer and the wake of the particle. 

The combustion of 𝐴𝑙 vapor in the boundary layer influences vapor pressure at the particle surface and 

consequently vaporization rate of the particle [26,37].  

The instantaneous average vaporization mass-flux(𝑚"̇ ) of the particle obtained from the current 

framework is compared with the benchmark result [35] in Figure 5. The �̇�"  obtained in the current 

study agrees with the benchmark [35] after 0.75𝜇𝑠 of the initiation of the calculation. The discrepancy 

observed between the current and benchmark [35] result during the initial period of the shock-particle 

interaction (up to  𝑡 = 0.75𝜇𝑠) is due to differences in the initial conditions between the two 

calculations. Houim et al.  [35] assumed an initial layer of the heated 𝐴𝑙 vapor around the particle to 

suppress the initial thermally-induced acoustic wave. Adding a layer of 𝐴𝑙 vapor around the particle 

increases the vapor pressure around the particle immersed in the quiescent flow, thereby suppressing 

the initial instantaneous vaporization rate of the particle. Figure 5 therefore shows an initial lower 

vaporization rate of the particle in the calculation of Houim et al.  [35]. Parameters defining the initial 

distribution of the heated 𝐴𝑙 vapor around the particle such as 𝑓𝑖𝑛 and 𝑓𝑜𝑢𝑡 in Eq. (53) of  [70] were not 

mentioned in Houim et al. [35,70]. To overcome the lack of initial condition information, the presence 

of an initial layer of heated 𝐴𝑙 vapor is not assumed in the current study. As a result, the initial vapor 

pressure around the particle is lower in the current calculation than in the benchmark  [35]. Due to this, 

the particle vaporizes at a higher rate in the current simulations during the initial stages of the shock-

particle interaction. Nevertheless, once the Al vapor over the particle is stripped off the particle surface 

by the high-speed flow behind the shock, the initial 𝐴𝑙 vapor layer does not influence the vaporization 

rate of the particle and the quasi-steady 𝑚"̇  computed in the current work agrees well with the 

benchmark result  [35] after 𝑡 = 0.75𝜇𝑠.  

The vaporization mass flux �̇�" of the particle is influenced by the convective and the diffusive transport 

of the 𝐴𝑙 vapor from the particle surface and the consumption of the 𝐴𝑙 vapor in the boundary layer due 

to chemical reactions. The agreement of the �̇�" in the current and the benchmark result [35] indicate 

that the current flow solver accurately computes the vaporization of 𝐴𝑙 particle and the combustion of 

𝐴𝑙 vapor in the high-speed flow.   
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Figure 4 (a) The initial conditions for the axisymmetric calculation of the combustion of an 

aluminum particle of 230𝜇𝑚 in diameter during the interaction with an incoming Mach 2 

shock.(b) Temperature contours at 2𝜇𝑠 obtained from the axisymmetric calculation of 𝐴𝑙 particle 

combustion under the influence of Mach 2 shock. 

a) Initial computational setup 

b) Temperature contour at 2𝜇𝑠  

Figure 5 Comparison of the 𝑚"̇  of the burning Al particle of 230μm in diameter during interaction 

with the Mach 2 shock obtained from the current calculation and the benchmark result [35]. 
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3.1.4 The setup for simulation of shock interaction with clusters of reacting Al particles  

As shown in the above benchmark calculations, the methods developed in this paper accurately capture 

the shock-interface interactions, chemical reaction progress and vaporization and burning of an Al 

particle. We now employ this framework to study the combustion of  𝐴𝑙 particle clusters in a shocked 

flow. The simulated conditions are relevant to the explosively dispersed 𝐴𝑙 particles carried by a blast 

wave [1,20]. The calculations are performed under the following assumptions/conditions: 

i) After the initiation of aluminized energetic materials, the explosively dispersed 𝐴𝑙 particles are 

heated by the reacting post-detonation flow. As a result, the 𝐴𝑙 core of the particles melts, and 𝐴𝑙 
particles are exposed to the oxidizer-rich post-detonation flow prior to their ignition. The heated 𝐴𝑙 
particles develop a few nanometres thick layer of 𝐴𝑙2𝑂3 around them and do not ignite until the layer 

of 𝐴𝑙2𝑂3 has melted and ruptured [8,12,71]. The melting point of 𝐴𝑙2𝑂3(2327𝐾) is higher than the 

melting point of 𝐴𝑙(933𝐾). Therefore, the 𝐴𝑙 core of the particles melt before they are exposed to 

the oxidized in the environment. The current work focuses on flame dynamics and the vaporization 

rate of these pure 𝐴𝑙 particles under the influence of high-speed flow entailed by shocks during the 

early stage after ignition. Previous experimental studies have shown that the particle surface reach 

~2700𝐾 during combustion [13,72,73]. An initial temperature of 2743K is used for the 𝐴𝑙 particles 

in the current work based on the previous experimental measurements  [13,72,73] and the 

recommendations in previous numerical studies for computing combustion of virgin 𝐴𝑙 
particles [24,33,35,74,75].  

ii) Prior to ignition, the initial layer of 𝐴𝑙2𝑂3 accumulate on the surface of the molten 𝐴𝑙 particle and 

form a small oxide cap due to the difference in surface-tensions of 𝐴𝑙 and 𝐴𝑙2𝑂3. The surface area 

of the oxide cap is initially significantly smaller(~5%) than the surface area of the molten 𝐴𝑙 exposed 

to the surrounding  [49]. The oxide-cap grows later with time due to surface reactions and 

recondensation of the combustion products on the particle surface. However, it takes time(~10𝑚𝑠) 

for the oxide-cap to grow and cover a significant portion of the surface of the 𝐴𝑙 particle [49] and 

affect its vaporization rate. The formation and the growth of the oxide-cap on the 𝐴𝑙 particles due to 

the recondensation and surface reactions are ignored in the current work because the presence of 

oxide-cap does not affect the combustion of  𝐴𝑙 particles at the timescale of passage of the incoming 

shock.  

iii)  The objective of this work is to study the effect of particle-particle and the shock-particle 

interactions on the combustion of the 𝐴𝑙 particles in a cluster. Small clusters consisting of 40 

randomly arranged particles are studied in the calculations. Although a cluster of randomly arranged 

40 particles is found to demonstrate particle-particle interaction effects, the modest size of the 

particle cluster in this work limits us from studying the possibility of deflagration-to-detonation 

transition. The long-term evolution of larger clouds of burning particles will present a challenge to 

available computational resources; a route to accomplishing such calculations is possible through 

multi-scale modelling [26,76–79]. Computational resources also limit 3D calculations of reactive 

particle clusters in shocked flows, although single 3D particles have been simulated [36]. This work 

will be restricted to 2D simulations only.     

Figure 6 shows the initial setup containing the cluster of heated pure Al particles of uniform initial 

diameter(𝐷) randomly arranged in a cluster within a rectangular envelope in the computational domain. 

The length (𝐿𝑐) and the width (𝑊𝑐) of the cluster are calculated to maintain the desired volume 

fraction(𝜙) of particles within the cluster: 

 𝐿𝑐 =
80𝐷

√𝜙
 (22) 

 𝑊𝑐 =
40𝐷

√𝜙
 (23) 
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𝐿𝑐 is selected as the reference length-scale in this study. The speed of the shock-front is 𝑢𝑠. The time 

taken by the shock front to travel across the length of the cluster, i.e. 
𝐿𝑐

𝑢𝑠
, is selected as the reference 

timescale (𝜏). The non-dimensional time 𝑡∗ = 
𝑡

𝜏
.  

In all calculations, a Neumann boundary condition is used at the east and west boundaries, while a 

reflective boundary condition is used at the north and south boundaries of the computation domain. In 

the current calculations, the incoming shock is initially located at 
𝑥

𝐿𝑐
= 0.93. The setup described here 

is used in all calculations of shock interaction with particle clusters presented in the following sections.  

 

3.1.5 Grid independence study 

As a baseline case, the combustion of a particle cluster of liquid volume fraction 𝜙 = 20% under the 

influence of a 𝑀𝑠 = 3.5 incoming shock at 𝑅𝑒𝐷 = 1000 is computed. The following initial conditions 

are used in this calculation: 

 𝛒(𝐤𝐠/𝐦𝟑) 𝐩(𝐏𝐚) 𝐮(𝐦/𝐬) 𝐓(𝐊) 

Pre-shocked air (
𝐗

𝐋𝐂
≥ 𝟎. 𝟗𝟑) 1.204 101325.0 0.0 293.0 

Post-shocked air(
𝐗

𝐋𝐂
< 𝟎. 𝟗𝟑) 5.131 1431215.62 919.02 

971.81 

Particle 2003.0 376120.75 0.0 2743.0 

Table 3 The initial conditions for the simulation of Mach 3.5 interaction with a cylindrical aluminum particle of 

diameter 3.84 μm. 

Four different grid resolutions corresponding to 25, 50, 100, and 150 grid points across a particle 

diameter are used in this study. The 𝐶𝐷
̅̅̅̅  of the particles in the cluster computed using the different grid 

resolutions are compared in Figure 7. The relative error in the calculation of 𝐶𝐷
̅̅̅̅  for a given grid 

resolution is calculated as: 

 𝜖𝐶𝐷̅̅ ̅̅ = √
∫ (𝐶𝐷

̅̅̅̅ − 𝐶𝐷
̅̅̅̅

𝐺𝑅𝐼𝐷4)
2

𝑑𝑡∗1.5

0

∫ 𝐶𝐷
̅̅̅̅ 2

𝑑𝑡∗1.5

0

 (24) 

  

𝐿𝐶 

𝑊𝐶 

Figure 6 The initial computational setup for the numerical calculations of shock interaction with a reacting Al particle 

cluster 
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Grid Resolution (
D

∆x
) 𝜖𝐶𝐷̅̅ ̅̅  

GRID1 25 0.096 

GRID2 50 0.057 

GRID3 100 0.019 

GRID4 150 - 

Table 4 The relative error in the average drag obtained from the different mesh resolutions. 

where 𝐶𝐷
̅̅̅̅

𝐺𝑅𝐼𝐷4 is computed using the grid resolution of 150 grid points across the diameter. 𝜖𝐶𝐷̅̅ ̅̅  

computed from the different grid resolutions are presented in Table 4. Figure 7 shows that the 𝐶𝐷
̅̅̅̅  of the 

cluster converges with grid refinement. The results in Table 4 show that 𝜖𝐶𝐷̅̅ ̅̅  decreases monotonically 

with grid refinement. 1.9% error is incurred in the 𝐶𝐷
̅̅̅̅  calculated using GRID3 relative to GRID 4, while 

the computational cost of using GIRD 4 is 125% more than GRID 3. To balance accuracy and 

computational cost, GRID3 is used in the rest of the calculation in this study.  

 
 

3.2 Shock-induced combustion of aluminum particle clusters 

Having established that the different components of the numerical approach to calculating the 

vaporization and combustion of an isolated 𝐴𝑙 particle are accurate, we now discuss the results for the 

shock-induced combustion of 𝐴𝑙 particle clusters. The effects of local flow conditions characterized by 

𝜙, 𝑀𝑠, and 𝑅𝑒𝐷 are studied by comparing the numerical results obtained from the following 

calculations: 

Figure 7 𝐶𝐷
̅̅̅̅  of the particles in the cluster during interaction with a 𝑀𝑠  =  3.5 shock at 𝑅𝑒𝐷  =  1000, 

obtained using four different grid-resolutions 
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𝐶𝑎𝑠𝑒 𝑛𝑜. 𝑀𝑠 𝑅𝑒𝐷 𝜙 

1 3.5 1000 20% 

2 3.5 1000 10% 

3 3.5 1000 30% 

4 1.5 1000 20% 

5 2.5 1000 20% 

6 3.5 100 20% 

7 3.5 2000 20% 

 Table 5 List of the numerical calculation of shock-induced combustion of 𝐴𝑙 particle clusters performed to 

study the effects of local flow conditions on the combustion behavior 

3.2.1 Shock-induced combustion of Al particle cluster at 𝑴𝒔 = 𝟑. 𝟓 and 𝑹𝒆𝑫 = 𝟏𝟎𝟎𝟎 

The case of  𝑀𝑠 = 3.5 shock interaction with a cluster of 40 𝐴𝑙 particles, corresponding to  𝜙 = 20% 

and 𝑅𝑒𝐷 = 1000, is selected as the baseline case for this study. The combustion behaviour of the 𝐴𝑙 
particles compared with an isolated particle subjected to the same 𝑀𝑠 and 𝑅𝑒𝐷. A sequence of 

temperature contours at four different time instances is presented in Figure 8 to elucidate the flowfield 

and the flame structure around individual particles in the cluster.  

Evolution of flow field and combustion dynamics within the cluster 

Figure 8 (a) shows the temperature contours at a time(𝑡∗ = 0.14) when the incident shock has just 

reached the particles at the front end of the cluster. Figure 8 (b) shows that the shocklets reflected from 

the particles at the front end of the cluster merge to form a strong reflected shock, while the transmitted 

shock travels into the cluster. The 𝑥 − 𝑡∗ plot of temperature in Figure 9 shows the propagation of the 

transmitted and the reflected shocks through the domain. The particle cluster resides within 1 ≤  
𝑥

𝐿𝑐
≤ 2 

in Figure 9. The reflected shock traveling backward from the phase-boundary and the transmitted shock 

traveling further into the particle cluster are shown in Figure 9 using the markers (ii) and (iii). A system 

of reflected shocklets and rarefaction waves are generated due to the interaction of the transmitted shock 

with the randomly arranged particles. The interactions of evolving shocklets, and the rarefaction waves 

with the wake of the particles create an unsteady flow-field characterized by coherent structures of 

baroclinic vorticity [80]. Such flow unsteadiness due to shock interaction with the particle cluster 

distinguishes the environment experienced by a particle in the cluster from an isolated particle and 

results in marked differences between the flame dynamics of a reacting particle in a cluster and an 

isolated particle [26]. 

Figure 8(a) and Figure 9 show that the hot Al particles suspended in quiescent flow start to vaporize and 

react before the arrival of the incident shock. The growth of the individual diffusion flame around each 

particle is observed in Figure 8(a). Figure 8(b) shows that the diffusion flames around each particle 

grow and merge to form a deflagration front in the wake of the particle cluster. The deflagration front 

is indicated with the marker (iv) in Figure 9. The unreacted Al vapor and the oxides of 𝐴𝑙 from the 

particle cluster mix and react with the 𝑂2 at the deflagration front. Figure 8 (d) shows that the 

temperature within the particle cluster increases after the transmitted shock has travelled across the 

cluster. The high-speed flow following the transmitted shock increases the convective transport of the 

𝐴𝑙 vapor generated at the particle surface. The arrival of the shock also increases the concentration of 

𝑂2 in the cluster. The vortical flow in the particle wakes enhances the mixing of 𝐴𝑙 vapor and 𝑂2 and 

the rate of energy release from the exothermic reaction within the cluster. The decrease in the slope at 

𝑡∗~1.2 in Figure 9 shows that the deflagration front accelerates after the arrival of the transmitted shock. 
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Furthermore, the onset of Richtmyer-Meshkov instabilities at the deflagration front due to the shock-

flame interaction is observed in Figure 8 (d). Therefore, a high-speed and unstable deflagration front 

develops in the wake of the particle cluster after the passage of the transmitted shock.  

 

 

a) 𝑡∗ = 0.14 

 

b) 𝑡∗ = 0.55 

 

c) 𝑡∗ = 1.1 

 

d) 𝑡∗ = 1.8 

Figure 8 A sequence of the temperature contours obtained from the reactive calculation of 𝑀𝑠 = 3.5 shock 

interaction with an Al particle cluster of 𝜙 = 20%. The diameter of the particles is selected 3.844𝜇𝑚 to ensure 

𝑅𝑒𝐷 = 1000. 𝑇0 = 293.54𝐾 

Deflagration front 

Deflagration front 

Deflagration front 

Transmitted shock 
Reflected shock 

Deflagration front 
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The contour plot in Figure 8(d) and the 𝑥 − 𝑡∗ plot of temperature along 
𝑦

𝐿𝑐
= 0.25 in Figure 9 show 

that the flame structure within the particle cluster varies along the direction of shock propagation. Figure 

8(d) shows that particles located at the front end of the cluster burn with unsteady wake flames [44,46]; 

the flamelets remain attached to and confined within the wake of the particles. Such unsteady wake 

flames are characteristic of kinetically-limited combustion. For particles at the front of the cluster, the 

flow time scale(𝜏𝑢 =
𝐷

𝑢𝑝𝑠
= 4.2 × 10−9𝑠) is smaller than the reaction time scale(𝜏𝑟~10−7𝑠). 

Furthermore, the shock-induced unsteadiness in the particle cluster facilitates mixing of the 𝐴𝑙 vapor 

and 𝑂2 in the incoming flow. Therefore, chemical kinetics becomes the rate-limiting process during the 

combustion of particles located at the front end of the cluster. In contrast, Figure 8(d) shows that 

particles at the downstream end of the cluster burn with envelope flames [41], indicating diffusion-

limited combustion. As these particles are situated in the wake of the particles upstream, they encounter 

a relatively low-speed incoming flow, which hinders the convective transport of the 𝐴𝑙 vapor from the 

surface of particles located downstream in the clusters. The 𝑌𝐴𝑙 contours in Figure 10(a) show that the 

unreacted 𝐴𝑙 vapor accumulates at the downstream end and in the wake of the particle cluster. Figure 

10(b) shows a gradual decrease in the concentration of 𝑂2 along the flow direction in the particle cluster. 

Under the combined influence of the above factors, the particles in the downstream part of the cluster 

burn in an oxygen-lean environment. The lack of mixing of the 𝐴𝑙 vapor and 𝑂2 at the downstream end 

of the particle cluster further limits the reaction. Therefore, the mode of combustion across a particle 

cluster changes from kinetically-limited to diffusion-limited, even for the rather small cluster simulated 

in the current work. 

 

Figure 9 The 𝑥 − 𝑡∗plots of the temperature extracted from 
𝑦

𝐿𝑐
= 0.25 in the computational domain during the 

combustion of Al particle cluster of 𝜙 = 20% under influence of an incoming 𝑀𝑠 = 3.5 shock at 𝑅𝑒𝐷 =
1000 . Legends: (i) Incoming 𝑀𝑠 = 3.5 shock, (ii) Reflected shock, (iii) transmitted shock and (iv) diffusion 

flame front (v) deflagration front. 𝑝0 = 101325.0𝑃𝑎 and 𝑇0 = 293.54𝐾 

(iii) 

(iv) 

(v) 

(iii) 

(ii) 

(i) 

(iv) 

(v) 
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𝑫𝒆𝒇𝒇, 𝑪𝑫, 𝒂𝒏𝒅 𝑺𝒉 of particles in a cluster compared with an isolated particle 

The above results show that the following two key physical mechanisms are found to significantly 

influence the combustion of particles in a cluster: 1) wake-particle interaction, and 2) the shock-induced 

unsteadiness in the flow-field. As shown above, the shock-induced unsteadiness in a particle cluster 

encourages mixing of 𝐴𝑙 vapor with 𝑂2 in the incoming flow. However, interaction with the wake of 

upstream particles limits the transport and mixing of the 𝐴𝑙 vapor produced by particles located 

downstream in the cluster. Both these mechanisms are absent during the combustion of an isolated 

particle. The role of these mechanisms in influencing the drag and vaporization rate of the reacting 

particles in a cluster are examined by comparing these quantities with isolated particles in the following 

subsections.  

The presence of a particle in a cluster will influence the mass, momentum, and energy exchange with 

the surrounding gas, leading to differences in deformation, vaporization, and combustion rates of the 

individual particles in the cluster. Quantitative measures of these effects, viz.  𝐷𝑒𝑓𝑓, 𝐶𝐷, and 𝑆ℎ for four 

selected particles (identified in Figure 6) are plotted in Figure 11(a), (b), and (c) respectively. The 

𝐷𝑒𝑓𝑓, 𝐶𝐷, and 𝑆ℎ of these four particles are also compared with the cluster averages and with the 

corresponding measures for an isolated particle.  

 

a)  

 

b)  

Figure 10 The contours of (a) 𝑌𝐴𝑙 and (b) 𝑌𝑂2
 at 𝑡∗ = 1.8 obtained from the reactive calculation of 𝑀𝑠 = 3.5 

shock interaction with a cluster of Al particle(𝜙 = 20%, 𝑅𝑒𝐷 = 1000).  
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Figure 11(a) compares the time evolution of particle size  𝐷𝑒𝑓𝑓 of the four particles, showing that the 

particles at the front of the cluster attain lower 𝐷𝑒𝑓𝑓 , i.e. they deform more than the particles in the 

trailing end of the cluster. Figure 11(b) shows that the peak 𝐶𝐷 of the particle at the front end of the 

cluster (i.e. particle 1) is higher than the other three downstream particles. The 𝐶𝐷 of an isolated particle 

is compared with the four particles in the cluster in Figure 11(b); the peak drag of an isolated particle 

is comparable with the particle at the leading edge. The 𝐶𝐷 of the isolated particle decreases 

momentarily after the shock has traveled past it. However, Figure 11(b) shows that at later times the 𝐶𝐷 

 

a)  

 

b)  

 

c)  

Figure 11 a) 𝐶𝐷, b) 𝐷𝑒𝑓𝑓 , and c)𝑆ℎ of four selected particles in the cluster of 20% volume fraction during 

the interaction with the 𝑀𝑠 = 3.5 shock. The 𝐶𝐷,𝑆ℎ and 𝐷𝑒𝑓𝑓 of the individual particles in the cluster are 

compared with the 𝐶𝐷
̅̅̅̅  and 𝑆ℎ̅̅ ̅ of the whole cluster and an isolated particle.   
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of the isolated particle increases, in contrast to the decrease of  𝐶𝐷 of the particles in the cluster. The 

greater deformation of the isolated particle contributes to the recorded high 𝐶𝐷 at later times. The 

averaged drag coefficient 𝐶𝐷
̅̅̅̅  is computed using Eq. (9)  and shown in Figure 11(b). The 𝐶𝐷

̅̅̅̅   is initially 

high as the incoming shock impinges on the particles at the leading edge of the cluster. However, 𝐶𝐷
̅̅̅̅   

decreases as the transmitted wave travels through the cluster  [65]. 

An isolated particle is exposed to a higher pressure gradient and therefore deforms more rapidly than 

particles in the cluster. The pressure drops suddenly in the wake of an isolated particle during the shock-

interaction due to the rapid expansion of the supersonic flow. However, the pressure drops gradually 

across a particle cluster because of the resistance to the flow provided by the other particles in the 

vicinity [81]. This leads to lower pressure gradients across particles in the downstream part of the cluster 

resulting in lower vaporization rates, drag, and deformation than an isolated particle.   

The non-dimensional mass flux 𝑆ℎ from the four particles marked in Figure 6 and an isolated particle 

is shown in Figure 11(c). In comparison with the isolated particle, the particles closer to the front end 

of the cluster vaporize at a higher rate while the particles near the downstream end of the cluster vaporize 

at a lower rate. This is because the shock-induced unsteadiness in the flow field enhances the mixing of 

the Al vapor produced at the particle surface with the incoming air. This enhanced mixing increases the 

rate of transport of Al vapor from the particle surface and the vapor pressure around the particles 

decreases. The lower vapor pressure leads to a higher vaporization rate and 𝑆ℎ of the particles at the 

front end of the cluster compared to an isolated particle. However, the particles at the trailing end of the 

cluster vaporize at a lower rate than the isolated particle as they interact with the low-speed wake of the 

upstream particles. The relatively low flow velocity at the downstream end of the particle cluster 

suppresses the convective transport of 𝐴𝑙 vapor from the particle surface. Furthermore, as the unreacted 

𝐴𝑙  is convected downstream, the concentration and vapor pressure of unreacted 𝐴𝑙 vapor around the 

particles in the downstream end of the cluster increase. Therefore, the vaporization rate of particles in 

a cluster is dictated by two competing physical mechanisms: enhancement in mixing due to the shock-

induced unsteadiness and suppression of mixing due to the wake-particle interaction. The overall result 

is a low vaporization rate of particles located at the downstream end of the cluster. 

The cluster-averaged Sherwood number 𝑆ℎ̅̅ ̅ is shown in Figure 11(c) for the present case of 𝑀𝑠 =
3.5, 𝑅𝑒𝐷 = 1000 and 𝜙 = 20%. The 𝑆ℎ̅̅ ̅ of the cluster is comparable with the vaporization rate of an 

isolated particle. The time-averaged Sherwood number of the particles in the cluster 〈𝑆ℎ̅̅ ̅〉 is 2.7, while 

the time-averaged Sherwood number of the isolated particles 〈𝑆ℎ〉 is 2.97. The relative difference in the 

vaporization rates of the particles in a cluster and an isolated particle Δ𝑆ℎ is 0.092. Therefore, the 

average vaporization rate of particles in a cluster is only 9.2% less than the vaporization rate of an 

isolated particle for the present 𝑀𝑠 and 𝑅𝑒𝐷. However, the value of Δ𝑆ℎ changes with 𝜙, 𝑀𝑠, and 𝑅𝑒𝐷. 

The mechanistic details of how 𝜙, 𝑀𝑠, and 𝑅𝑒𝐷 influence the combustion and the vaporization rate of 

particles in a cluster are examined next.   

3.2.2 Effects of volume fraction 𝝓 on the combustion of particles in a cluster 

The effects of 𝜙 are studied by simulating the combustion of 𝐴𝑙 particle clusters at 𝜙 =
10%, 20%, and 30% under the influence of a 𝑀𝑠 = 3.5 shock and 𝑅𝑒𝐷 = 1000. The simulations for 

all volume fractions are set up as described in section 3.1.4.   

Figure 12 compares the Favre-averaged temperature (�̃�), pressure (�̃�), and axial velocity(�̃�) for the 

three different values of 𝜙. Figure 12 (a) and (b) show that the pressure and temperature in the cluster 

increase with the particle loading 𝜙; the amount of 𝐴𝑙 vapor released in the gas phase also increases 

with 𝜙, leading to an increase in the chemical energy release. Figure 12 (c) shows that during the shock 

interaction, �̃� in the cluster decreases with the increase in 𝜙. Therefore, the momentum transferred from 

the gas phase to the liquid phase increases with 𝜙, suppressing the flow unsteadiness in the gas phase. 

This decrease in momentum in the gas phase with an increase in 𝜙 influences the rate of transport and 

mixing of species and ultimately the combustion in the particle cluster.  
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a)  

 

b)  

 

c)  

Figure 12 The comparison of the Favre averaged (a)pressure(𝑝/𝑝0), (b)temperature(�̃�/𝑇0) , and (c)axial 

velocity(�̃�/𝑢𝑢𝑠) of the gas-phase within the particle clusters with 𝜙 = 10%, 20% and 30% during the 

interaction with 𝑀𝑠 = 3.5 shock. The initial diameter of the particles is 3.844𝜇𝑚 and the corresponding 

𝑅𝑒𝐷 is 1000. 𝑝0 = 101325.0𝑃𝑎 and 𝑇0 = 293.54𝐾 
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Figure 13 compares temperature contours within the 𝐴𝑙 particle cluster for 𝜙 = 10%, 20%, and 30% at 

𝑡∗ = 1.73. In Figure 13 (a), for 𝜙 = 10%, the flamelets are found to be sporadically distributed within 

and in the wake of the particle cluster indicating kinetically-limited combustion; most particles in the 

relatively dilute cluster burn with an unsteady wake flame. At higher loadings, 𝜙 = 20% and 30%, the 

particles near the downstream end of the cluster burn with an envelope flame exhibiting the 

characteristics of diffusion-limited combustion.  

The 𝑆ℎ̅̅ ̅ of the particles in the clusters for 𝜙 = 10%, 20%, and 30% are compared in Figure 14(a). 

Figure 14(a) shows that the 𝑆ℎ̅̅ ̅ decreases with increase in 𝜙. The average vaporization rate of the 

particles in the cluster for 𝜙 = 10%, 20%, and 30% are respectively 5.4%, 8.5%, and 15.0% less than 

that of an isolated particle at 𝑀𝑠 = 3.5 and 𝑅𝑒𝐷 = 1000 flow. This is due to the increase in unreacted 

𝐴𝑙 vapor and the subsequent increase in 𝐴𝑙 vapor pressure at the surface of the particles in a cluster at 

higher 𝜙.  

 

𝑎) 𝜙 = 10% 

 

𝑏) 𝜙 = 20% 

 

𝑐) 𝜙 = 30% 

Figure 13 The temperature contours during the 𝑀𝑠 = 3.5 shock interaction with cluster of particles of 

volume-fractions a) 𝜙 = 10%, b) 𝜙 = 20% , and c) 𝜙 = 30% at 𝑡∗ = 1.73. The initial diameters of the 

particles are 3.844𝜇𝑚. 𝑇0 = 293.54 𝐾 
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3.2.3 Effects of 𝑴𝒔 on the combustion of particles in a cluster 

The effect of shock strength on combustion of a particle cluster is investigated for shocks with 𝑀𝑠 =
1.5, 2.5, and 3.5. Clusters of randomly arranged particles at 𝜙 = 20% and 𝑅𝑒𝐷 = 1000 are placed in 

the computational setup described in section 3.1.4. 

 

Insights into the combustion process in the 𝐴𝑙 particle cluster can be obtained from the temperature 

contours at 𝑡∗ = 1.73 plotted in Figure 15 for the three shock strengths. Figure 15 (a) shows that the 

entire particle cluster exhibits the flame characteristics of diffusion-limited combustion at 𝑀𝑠 = 1.5. 

For 𝑀𝑠 = 1.5, the flow timescale(𝜏𝑢 =
𝐷

𝑢𝑝𝑠
= 1.4 × 10−7𝑠) and the mass-diffusion timescales(𝜏𝐷 =

𝐷2

𝐷𝐴𝑙,𝑚𝑖𝑥
= 3.32 × 10−6𝑠) are larger than the reaction timescale (𝜏𝑟~10−7𝑠). Therefore, combustion of 

the particles in the cluster is limited by the transport and mixing processes at 𝑀𝑠 = 1.5.  

Figure 14 𝑆ℎ̅̅ ̅ of the particles in the clusters are compared with the 𝑆ℎ of isolated particles in (a), (b), and (c) 

for different flow conditions characterized by 𝑀𝑠, 𝑅𝑒𝐷 , and 𝜙.(a) shows the comparison of  𝑆ℎ̅̅ ̅ for 𝜙 = 10%, 

20%, and 30% with an isolated particle at 𝑀𝑠 = 3.5 and 𝑅𝑒𝐷 = 1000. (b) shows how 𝑆ℎ̅̅ ̅ in a cluster of 

particles vary with 𝑀𝑠. The 𝑆ℎ̅̅ ̅ in a particle cluster for 𝑀𝑠 = 1.5, 2.5, and 3.5 are compared with an isolated 

particle sujected to the respective 𝑀𝑠. 𝑅𝑒𝐷 = 1000 and 𝜙 = 20% in these calculations. (c) shows the effect 

of 𝑅𝑒𝐷 on the 𝑆ℎ̅̅ ̅ of the particles. 𝑅𝑒𝐷 = 100, 1000, and 2000 are selected for this comparison. 𝑀𝑠 = 3.5 and 

𝜙 = 20% in these calualtions. In (b) and (c), solid lines show the 𝑆ℎ̅̅ ̅ of the particle cluster and the dashed 

lines of the same color show the 𝑆ℎ of an isolated particle for the respective 𝑀𝑠and 𝑅𝑒𝐷 

a) b) 

c) 
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Figure 15 (b) and (c) show that the distributed unsteady flamelets appear at the front end of the particle 

cluster when 𝑀𝑠 is increased to 2.5 and 3.5. Figure 15 shows that the region of envelope flame 

characterizing diffusion-limited combustion shifts downstream in the cluster when 𝑀𝑠 is increased.   

The 𝑆ℎ̅̅ ̅ for particles in the cluster during interaction for 𝑀𝑠 = 1.5, 2.5, and 3.5 are compared in Figure 

14(b). The observed increase in 𝑆ℎ̅̅ ̅ of particles at higher 𝑀𝑠 has been noted in previous works  [26,37]. 

Figure 14(b) shows that the 𝑆ℎ̅̅ ̅ of particles in the cluster is less than the value for isolated particles for 

a given 𝑀𝑠. Specifically, the average vaporization rate of the particles in a cluster with 𝜙 = 20% 

subjected to 𝑀𝑠 = 1.5, 2.5, and 3.5 shocks are respectively 28.9%, 9.9%, and 8.5% less than that of an 

isolated particle.   

 

a) 𝑀𝑠 = 1.5 

 

b) 𝑀𝑠 = 2.5 

 

c) 𝑀𝑠 = 3.5 

Figure 15 The temperature contours during the (a) 𝑀𝑠 = 1.5, (b) 𝑀𝑠 = 2.5, and (c) 𝑀𝑠 = 3.5 shock 

interaction with cluster of particles of volume-fraction 𝜙 = 20%  at 𝑡∗ = 1.73. 𝑅𝑒𝐷 = 1000 for all three 

cases. 𝑇0 = 293.54𝐾 
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3.2.4 Effects of particle size (𝑹𝒆𝑫) on the combustion of the particles in a cluster 

Numerical calculations of 𝑀𝑠 = 3.5 shock interaction with Al particle clusters at 𝑅𝑒𝐷 =
100, 1000, and 2000 (𝐷 = 0.3844𝜇𝑚, 3.844𝜇𝑚, and 7.688𝜇𝑚 respectively) are performed in the 

computational set-up described in section 3.1.4. The particle clusters are designed to achieve 𝜙 = 20%. 

The temperature contours for 𝑅𝑒𝐷 = 100, 1000, and 2000 at are compared in Figure 16, which is 

plotted in non-dimensional spatial coordinates and time 𝑡∗ = 1.73. The temperature contours in Figure 

16 show that the unsteadiness in the flow field decreases with 𝑅𝑒𝐷. Since unsteadiness in the flow field 

is conducive to the mixing of Al vapor generated at the particle surface with the 𝑂2 in the incoming 

flow, mixing in the cluster is hindered when 𝑅𝑒𝐷 decreases. However, mixing through the diffusive 

transport increases at the low 𝑅𝑒𝐷. When 𝑅𝑒𝐷 increases to 1000, Rayleigh-Taylor(R-T) instabilities at 

the deflagration front are observed in the temperature contours in Figure 16 (b). At 𝑅𝑒𝐷 = 2000, flame 

structures with smaller length-scales emerge at the deflagration front.  

The effect of 𝑅𝑒𝐷 on the vaporization rate of the particles is depicted in Figure 14(c) by comparing 𝑆ℎ̅̅ ̅ 

of the particles in the cluster at the three values of 𝑅𝑒𝐷 = 100, 1000, and 2000. Figure 14(c) shows 

that the 𝑆ℎ̅̅ ̅ of the particle cluster increases with 𝑅𝑒𝐷. This is because the rate of diffusive transport of 

 

𝑎) 𝑅𝑒𝐷 = 100 

 

𝑏) 𝑅𝑒𝐷 = 1000 

 

𝑐) 𝑅𝑒𝐷 = 2000 

Figure 16 The temperature contours during 𝑀𝑠 = 3.5 shock interaction with particles clusters of 𝜙 = 20% 

and a) 𝑅𝑒𝐷 = 100 b) 𝑅𝑒𝐷 = 1000 and c) 𝑅𝑒𝐷 = 2000 at 𝑡∗ = 1.73. 𝑇0 = 293.54𝐾 
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the Al vapor from the particle surface decreases with an increase in 𝑅𝑒𝐷 [37]. Furthermore, Figure 14(c) 

shows that the vaporization rate of the reacting particles in the cluster is lower than the vaporization 

rate of isolated particles subjected to the same 𝑅𝑒𝐷. The average vaporization rate of the particles in a 

cluster with 𝜙 = 20% subjected to 𝑀𝑠 = 3.5 shock at 𝑅𝑒𝐷 = 100, 1000, and 2000 is respectively 

44.0%, 8.5%, and 6.6% less than that of an isolated particle subject to the same 𝑀𝑠 and 𝑅𝑒𝐷.    

 

3.3 Burn-time of the 𝑨𝒍 particles in shocked flows and relationship to flame dynamics 

The scaled average burn-time (𝑡𝑏
′ ) of the 𝐴𝑙 particles in the current calculations is estimated using Eq. 

(19) - (21) and plotted against the particle diameter 𝐷 in Figure 17. 𝑡𝑏
′  obtained from current calculations 

are compared with an empirical correlation between 𝑡𝑏
′  and 𝐷 obtained by Beckstead [7] from 

experimental data:  

 𝑡𝑏
′ = 0.00735𝐷1.8 (25) 

A linear least-squares fit to log10 𝑡𝑏
′  vs log10 𝐷 in the current calculations gives: 

 𝑡𝑏
′ = 0.0504𝐷1.026 (26) 

The correlations in Eq. (25) and (26) are shown by the black and red lines in Figure 17, respectively. 

Figure 17 shows that the burn-time of the 𝐴𝑙 particles computed from the current simulations are in the 

same range of the predictions obtained from the benchmark correlation given in Eq. (25)  [7]. However, 

the exponent of 𝐷 in the 𝑡𝑏
′  vs 𝐷 relation(Eq. (26)) obtained from the current calculations is smaller than 

the exponent obtained by Beckestead [7]. The exponent of 𝐷 obtained by Beckstead [7] is closer to 2. 

This is because, the empirial correlation was obtained from the experimental measurements of the burn-

time of larger 𝐴𝑙 particles(𝐷 = 10 − 1000 𝜇𝑚) in quiescent or low-speed flow conditions [7]. Under 

such conditions, the 𝐴𝑙 particles are more likely to undergo diffusion limited combustion. As a result, 

the exponent of 𝐷 in the 𝑡𝑏
′ vs 𝐷 correlation describing these experimental results(Eq. (25)) is closer to 

the theoretical 𝑡𝑏 ∝ 𝐷2 law for diffusion-limited combustion. On contrary, the exponent of 𝐷 in the 

correlation between 𝑡𝑏
′  and 𝐷 obtained in the current calculation(Eq. (26)) is 1.026; the almost linear 

dependence of 𝑡𝑏
′  on 𝐷 in the current calculation indicate kinetically limited combustion of the 𝐴𝑙 

particles in shocked flows. The dominant effect of convection in shocked flows pushes the combustion 

dynamics of 𝐴𝑙 particle clusters towards kinetically limited combustion regime, where 𝑡𝑏 ∝ 𝐷 [1]. The 

Figure 17 The scaled burn-time(𝑡𝑏
′ ) of the 𝐴𝑙 particles in the cluster obtained from the current 

calculations is plotted against the corresponding initial particle diameter(𝐷). Current results are 

compared with the empirical correlation between 𝑡𝑏′ and 𝐷 obtained by Beckstead[7] from 

experimental data. The black line shows the empirical correlations obtained from experiments in 

[7]. The symbols show the burn-time of 𝐴𝑙 particle clusters in shocked flows obtained from the 

current calculations. The red line is a linear least square fit to the log10 𝑡𝑏′ vs log10 𝐷. 
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temperature contours in Figures 13, 15, and 16 in the previous subsection show that 𝐴𝑙 particle located 

upstream in the cluster exhibit unsteady wake-flames indicating kinetically- limited combustion under 

the influence of high-speed flow behind the shock, while particles located downstream in the cluster 

most likely to burn with a diffusion flame. As a result, the average burn-time of the 𝐴𝑙 particles in the 

cluster under shocked conditions are not well represented by the burn-time correlations derived from 

experimental studies of 𝐴𝑙 particle combustion in the diffusion limited regime. 

4. Conclusions 

The combustion of aluminum particle clusters in shocked flows is studied through interface-resolved  

numerical calculations. The current work examines the flame dynamics and the burning rate of 

aluminum particle clusters under various shock Mach numbers (𝑀𝑠), Reynolds numbers (𝑅𝑒𝐷), and 

particle volume fractions (𝜙). 

The flame dynamics during the combustion of particles in a cluster is found to be remarkably different 

from that of an isolated particle. At 𝑀𝑠 = 3.5 and 𝑅𝑒𝐷 = 1000, an isolated particle burns with a quasi-

steady wake flame characterizing kinetically-limited combustion.  In contrast, the flame-structure 

around a particle within a cluster varies along the direction of the flow. Particles at the front end of the 

cluster undergo kinetically-limited combustion with the formation of a wake flame, while, particles 

located downstream in the cluster burn with an envelope-flame indicating combustion limited by 

transport and mixing. The transition in the flame-structure from the front to the back end of the cluster 

is attributed to the following competing effects which are absent in the case of an isolated particle: 

i) Baroclinic vorticity-induced unsteadiness in the flow field produced during the passage of the 

incoming shock through the particle cluster.  

ii) The interaction of the particles downstream in the cluster with the wake of the particles located 

upstream.  

The baroclinic vorticity-induced unsteadiness in the particle cluster enhances micro-mixing. On the 

other hand, the interaction with the low-speed oxygen-deficient wake of the particles upstream limits 

the convective transport, mixing and combustion of the aluminum vapor produced at the surface of 

particles. Since the fuel-air ratio in a cluster increases at higher volume fractions, the number of particles 

enveloped in a diffusion-limited flame within the cluster increases with increasing volume fraction. 

Collectively, the results show that the vaporization rate of a particle in a cluster is significantly lower 

than the vaporization rate of an isolated particle under the same flow conditions. Therefore, models for 

vaporization rate of aluminum (fuel) particles in a high-speed flow must take into account the effects 

of volume fraction. 

Aside from particle-particle interactions, shock-particle interactions also exert significant influences on 

vaporization and combustion in a cluster. The average Sherwood number(𝑆ℎ̅̅ ̅) of the reacting particles 

in the cluster show a significant increase with increasing 𝑀𝑠. The change in 𝑅𝑒𝐷 (particle size) also 

significantly influences the flame dynamics and the burning rate of the particles in the cluster. At lower 

Reynolds number (𝑒. 𝑔. 𝑅𝑒𝐷 = 100) viscous dissipation suppresses unsteadiness in the flow field and 

at the deflagration front. At higher Reynolds numbers convective transport and unsteady vortical mixing 

becomes the dominant mechanism for mixing in the cluster. Therefore, the 𝑆ℎ̅̅ ̅ of the particles within 

the cluster increases with the increase in 𝑅𝑒𝐷. 

This work is the first investigation of the detailed thermomechanics of particle clusters in a high-speed 

gas flow and provides new insights into the vaporization and flame dynamics at the length scale of 

individual aluminum particles under conditions not easily accessed by physical experiments. However, 

the results are limited by the size of the particle cluster used in this study, which precludes the 

observation of the deflagration to detonation transition during the combustions of micron size particles. 

Studies on the effects of cluster size on flame and wave propagation through the cluster will be pursued 

in future work. Furthermore, the current work has been limited to 2D calculations only. The interaction 

of the shocks and the flamelets in the turbulent flow field and their effects on the burning rate of the 

particles in the cluster cannot be studied using the present 2D calculations.  3D calculations of particle 

cluster combustion are currently being pursued and will be reported in the future.  
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