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Abstract

:

The group combustion characteristics of core–shell nanothermite particles differ from other dispersed solid or liquid fuels. In a core–shell structure, each discrete nanothermite particle can undergo an exothermic reaction as the oxygen atoms in the metal oxide shell undergo a solid state diffusion to oxidize the metal core. This feature allows the spherical core–shell nanothermites to react in the absence of gaseous oxygen, thus modifying their group combustion characteristics compared to char or liquid fuels. Using a number of simplifying assumptions, a theoretical framework was established—based on existing group combustion theory—to examine the characteristics of mass and heat diffusion in nanothermite combustion. First, a model for the quasi-steady state single-particle combustion, in quiescent air, was established. The isolated particle combustion theory serves as the basis for the combustion interaction and mass transfer in a spherical cloud of dispersed nanothermite particles. The type of group combustion is strongly dependent on the diffusion of vapour products, i.e., the interaction is more pronounced when the diffusion of vapour products is higher. The group combustion regimes in dispersed nanothermites were identified and delineated.
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1. Introduction


Nanothermites are a Metastable Intermolecular Composite (MIC) which are often made of a metal and metal oxide—mixed at a nanoscale—that can undergo an exothermic chemical reaction with sufficient energy input. The nanosized constituents, namely the metal fuel and solid oxidizer, are often physically mixed to promote a rapid ignition and reaction [1]; the chemical reactions in MIC occur due to the solid-state diffusion of oxygen [2]. More recently, spherical core–shell nanothermites were developed wherein a nanosized metallic core was wrapped in a thin oxidizing shell [3,4,5], which can be either metallic or non-metallic. As the contact area between the fuel and oxidizer was maximized, the diffusion length and timescales were minimized. Thus, the core–shell nanothermites presents many advantages, most notably that the outer shell is thermodynamically stable and therefore reactions can occur as discrete solid-state particle combustion in the absence of gaseous oxygen. This differs from classical, physically-mixed nanothermite combustion which requires physical proximity between the fuel and oxidizer particles, and thus cannot react in a dispersed phase.



Nanothermites are characterized by their high reactivity and energetic density [6], and can be tailored to specific applications. As they undergo highly exothermic reactions, a dispersed group of core–shell structured nanothermites can result in self-sustaining combustion due to the thermal diffusion and convection of the heated products of combustion, which ignite the neighboring particles. However, most interestingly, as the particle reactions are driven by solid-state oxygen diffusion [2], the combustion in the dispersed phase is not limited by the availability of gaseous oxygen. Instead, it is limited by the inter-particle heat and mass transfer. Furthermore, reactions can occur in vacuum, water and any other inert environment, assuming the continuum phase does not chemically impact the core–shell structure of the MIC. These characteristics make the core–shell nanothermites well suited for many novel applications, including space technologies.



A substantial amount of research has focused on the combustion of closely packed nanothermite particles [2]. The physically mixed solid-phase fuel and oxidizer particles are often mechanically compressed, and their combustion characteristics have been investigated. The packing density, measured in terms of Theoretical Maximum Density (TMD), greatly impacts the flame propagation speed [1,7] through a consolidated pellet. The flame front advances predominantly due to convective (at low TMD) or conductive (at high TMD) [8] means, with the flame speed varying from   O ( 10 )   m/s at high TMD [1], to   O  ( 1000 )   m/s at low TMD [9]. The sensitivity of the flame propagation speed to TMD was recently assessed using numerical models [10]. However, the combustion characteristics of dispersed core–shell nanothermites, in which the ignition and combustion of the individual particles are predicated upon the inter-particle heat and mass transfer, are not well established and represent the focus of the present work which applied a theoretical perspective to the problem.



Under sufficient heating, the combustion of a single, core–shell nanothermite particle shares many characteristics with single-particle char or droplet combustion, the primary difference being the solid-state diffusion of oxygen that occurs within a particle in the nanothermite. As the dispersed core–shell nanothermite reactions are not limited by the presence of gaseous oxygen (due to the solid-phase oxidizer transport from the shell), the combustion dynamic of multiple dispersed particles differs greatly from the classical multi-phase combustion regimes. Group combustion is the burning characteristic of the collection of particles [11] and is helpful in modeling of dispersed particle combustion. Several different ‘modes’ of group combustion have been recognized for the case of dispersed droplets [12] and solid particles [13]. Classically, these different modes of group combustion are governed by the availability of oxygen within the dispersed cluster. Thus, dispersed core–shell nano-energetic particles will have different group combustion characteristics.



The theory and models of metal combustion in a gaseous oxidizer have long been subject to mathematical study [14]. Yetter and Dryer [15] examined metal particle combustion regimes and concluded that the oxidizer and pressure have a significant impact on the thermodynamics of combustion and particle combustion regimes. The metal vapours react instantly with oxygen upon contact, and vapour pressures of metals are only substantial when close to flame temperatures. It can be difficult to imagine a scenario in which a cloud of metal vapour would burn with external oxygen in a group combustion process. However, metal vapour can still burn with external oxygen caused by high-temperature plasma, laser-induced plasma, electrostatic discharge, the chemical reaction zone behind a detonation front, and other non-typical combustion applications. Emission from metal vapors (e.g., Al, B) and oxidized species (e.g., AlO, BO2) has been observed under these conditions. Lam et al. [16] investigated the scaling of the flame propagation in a particulate cloud. They adopted the following two models: a continuum model for an analytical study and a discrete source model for a numerical investigation. They discovered that the flame propagation could not be deterministically predicted in the limit of fast combustion compared to the interparticle diffusion time.



In very dense metal clouds [17], the reaction is more like that of metal particle agglomerate wherein the reaction rate can be restricted by the availability of oxidizer, something that does not occur in the case of nanothermites. An increase in local temperature within the particle suspension due to a reaction at multiple particle sites is referred to as the collective effect [18]. This leads to less heat loss to its surroundings, since the particles are self-heating as they react at multiple particle sites [19]. Compared to isolated particles, the collective effect accelerates the heating rate within a cloud, as is discussed in Section 3, resulting in faster combustion. Unlike previous work conducted by Soo et al. [17], Mi et al. [20] found that particles combust at all sizes and there is no minimum size for ignition.



Clusters of dispersed particles can emerge in turbulent flows where the discrete particles can be preferentially concentrated due to the kinematics of the turbulence [21,22]. This preferential clustering of discrete particles becomes particularly important under external radiative [23] or inductive [24] heating. The particle heating locally heats the fluid phase and may locally generate turbulence [25] and even further enhance clustering. The inhomogeneous particle distribution can impede the interphase heat transfer, generating hot and cold zones in the continuum phase [23,24,26,27,28]. This is a particularly important problem in particle-laden solar collectors [29]. If these particles are reactive, the clustering can impact the combustion dynamics of these dispersed particles [13], especially if the group combustion is oxygen constrained. For core–shell nanothermite particles, the implication of local clustering on the group combustion characteristics remains unclear.



In this research, we proposed a theoretical study of the group combustion characteristics of dispersed, spherical core–shell nanothermites that built on the analytical work developed by Annamalai and co-workers [13]. This work differs from the classical group combustion theory in that core–shell nanothermites, as they contain both fuel and oxidizer within a discrete particle, do not undergo an oxygen-limiting group combustion behaviour. The role of group combustion theory is not limited to understanding the combustion of a group of dispersed reactive particles, but it can also help understand the ignition time, burning rates, heat release, flame structures and other combustion characteristics. For tractability, we simplified the combustion kinetics to a single-step with approximated kinetic parameters and neglected any additional forces emerging at the nanoscale. Most dispersed nanoparticles agglomerate into microsized particles containing hundreds or thousands of discrete core–shell nanosized particles. These simplifications provide a tractable framework to study the inter-particle heat transfer of dispersed core–shell nanothermites. This work is organized as follows: Section 2 considers the combustion of an isolated particle within a carrier gas. Thereafter, in Section 3, we focus on the mass conservation and group combustion characteristics in a dispersed particle cluster. In Section 4, we present classifications of the various group combustion regimes specific to core–shell nanothermites. Finally, in Section 5, we develop a group combustion model for non-spherical particle distribution of nanothermites entrained from the nozzle. The conclusions and discussions are included in Section 6.




2. Single Isolated Particle Combustion


For the present study, we considered spherical core–shell nanoparticles consisting of an aluminium core and a copper oxide shell. However, the theory developed herein is generalizable to any core–shell nanothermite material. In a dispersed phase, nanoparticles have a tendency to aggregate—due to the intermolecular and electrostatic forces—into agglomerations of particles that have a diameter on the micrometer scale. Although for most practical applications we use core–shell particles on the nanoscale, we considered the nanoparticle aggregates as isolated particles for the present combustion theory study. This simplification allowed us to neglect any nanoscale forces that would hinder the tractability of the analysis. It should be noted that, above the nanometer scale, the analysis is scale-independent, as shown in Figure 1. However, the combustion time changed with the length scales (size) of the particle agglomerate. As is seen in Equation (17), which corresponds to the particle consumption time, if the particle size (  d  s , 0   ) is doubled, the consumption time (  t s  ) of the particle quadruples.



Quasi-Steady Assumptions of Single Particle Combustion—We first considered the simplest case of the combustion of an isolated core–shell nanothermite particle. Under sufficient heating, the oxygen from the shell undergoes solid-state diffusion and a chemical reaction with the pure metal core takes place, as shown in Figure 1. We considered only the heterogeneous redox reaction near the surface involving the aluminium core with the oxygen in the copper oxide shell. It is to be noted that this reaction is independent of the gaseous oxygen availability around the particle surface. To simplify the analysis, a perfectly spherical particle was considered where the solid-state reaction occurred at the edge. Depending on the composition of the nanothermites, gas is formed as a product of combustion [30] in addition to a solid or liquid phase metal oxide. In the specific case of an aluminium core with a copper oxide shell, copper vapors are formed, as shown in Figure 2. Thus, a concentration gradient in the gas phase is established, which results in the diffusion of copper vapors away from the particle surface. We were interested in obtaining the concentration profile of copper vapors. Under steady conditions, this profile must adjust in such a way that the combustion of nanothermite must equal the stoichiometric release of copper vapors at the particle surface. The transfer rate of copper vapors can then be evaluated using the mass conservation equations. With conservation of mass considerations, the regression rate of the particle is proportional to the vapor generation under the quasi-steady assumption. Thus, the temperature-dependent heat release, which was used in the work of Soo et al. [17], is implicitly accounted for within the gaseous formation. Furthermore, given the low thermal mass of these particles and the rapid timescale of combustion, we assumed a non-constant but uniform temperature within the particle. Similarly, the thermophysical properties of the solid, such as specific heat, were assumed to be temperature independent. Finally, using stoichiometry, the nanothermite burn rate was be evaluated.



There are some other assumptions considered in this formulation. The radiative heat release from combustion and hot particles is considered to be negligible—a simplification that may not be valid in all cases. The kinetic energy of the carrier phase as well as its shear work are neglected. Finally, there was no chemical reaction with the copper vapors in the carrier phase. With these assumptions, we considered the mass conservation, vapor product transport, and energy equation. The rate of mass consumption of the solid particle (   m ˙  s  ) is as follows:


  −   m ˙  s  = − 4 π  r s 2   ρ s    ∂  r s    ∂ t   = 4 π  r 2  ρ u =  m ˙  =   m ˙  p  ,  



(1)




where   r s   is the radius of the particle,   ρ s   is the density of the particle,  ρ  is the density of the gas phase including vapor density of copper species (kg/m   3  ), u is the velocity of the gas mixture at any spherical cross-section in the gas phase,   m ˙   is the mass flux rate at any spherical cross-section in the gas phase, and    m ˙  p   is the mass production rate of the vapor products. Here, the mass of the particle (  m s  ) decreases with time, thus a negative value,     m ˙  s  < 0  , is obtained; similarly, the mass flux is positive. The conservation of species per unit surface area in a quiescent environment of the gas phase is as follows:


   ρ u Y  −  ρ D   ∂ Y   ∂ r    =   m ˙   4 π  r 2    ,  



(2)




where Y is the mass fraction of copper vapor species at a given location,  D  is the binary diffusion coefficient of copper vapor species in the carrier phase,  ρ  is the vapor density of the copper species, and    ∂ Y   ∂ r    is the mass fraction gradient of the copper vapor. We also simplified the above equation by considering   4 π  r 2  ρ u =  m ˙    from Equation (1). It is to be noted that the two ways to integrate the above equation are as follows: (1) from the particle surface (  r =  r s   ) to a radial location, r or (2) from a radial location, r, to a far away location (  r =  r ∞   ). However, adopting any of the boundary conditions will produce the same final result. An expression of the above conservation law after integration can be written as follows:


     m ˙  s   4 π ρ r D   = ln    1 − Y   1 −  Y s     ,    o r       m ˙  s   4 π ρ r D   = ln    1 −  Y ∞    1 − Y    ,  



(3)




where   Y s   is the copper vapor mass fraction of the ambient gas adjacent to the particle surface and   Y ∞   is the mass fraction of copper vapor at a location far from the nanothermite particle. We can rewrite the above equation by defining the mass transfer number B as follows:


     m ˙  s   4 π ρ r D   = ln  1 + B  ,     where   B =    Y s  − Y   1 −  Y s    ,   o r   B =   Y −  Y ∞    1 − Y   ,  



(4)







The higher the mass combustion rate of the nanothermites, the higher the mass transfer number (B). This gives us the exact value of the constant mass flow rate (  m ˙  ) parameter in terms of the known boundary conditions:


   m ˙  =  4 π ρ  r s  D  ln    1 −  Y ∞    1 −  Y s     ,  



(5)







Above is the constant mass flow rate at any spherical cross-section of radius, r, for a given mass fraction of the vapor product in the immediate vicinity of the particle (  Y s  ) and mass fraction of the vapor product located far from the particle (  Y ∞  ). The general case of the above equation is    Y s  >  Y ∞    that leads to outwards mass flow rate (   m ˙  > 0  ) from the particle. We can also review the limiting case in which    Y s  =  Y ∞   , which means there is no mass flow rate as    m ˙  = 0  . Thus, the final solution of the mass fraction variation of the vapor product (Y) at any radius (r) location is obtained by substituting Equation (5) into Equation (3) to obtain:


  Y  ( r )  = 1 −   1 −  Y ∞    1 −   r s  r      1 −  Y s     r s  r   ,  



(6)







This can be further simplified as follows:   Y  ( r )  = 1 −   1 −  Y s     r s  r     if we consider that no mass fraction of the vapor product is located far from the particle,    Y ∞  = 0  . The conservation of energy in the domain is given by the following formula:


   ∂  ∂ r     4 π  ρ  r 2  u  C p  T −  4 π   r 2  λ   ∂ T   ∂ r    = 0 ,  



(7)




where T is the thermodynamic temperature at radial location (r). Similarly,  λ  and   C p   are the thermal conductivity and specific heat of the gas-mixture, respectively.



By considering the boundary condition of    m ˙  = 4 π ρ  r 2   , Equation (1), the solution of the above equation is given as:


     m ˙   C p  r  λ  = − ln  1 −  m ˙   C p     T −  T ∞    Q s     ,  



(8)




where the parameter   Q s   is given as:


   Q s  =    m ˙   C p   (  T s  −  T ∞  )    1 −  e  −     m ˙   r s   C p   λ       ,  



(9)







Thus, the solution of the temperature is:


  T =  T ∞  +  (  T s  −  T ∞  )    1 −  e  −     m ˙   C p   r  λ       1 −  e  −     m ˙   r s   C p   λ       ,  



(10)







We can verify the limit cases from the above equation. For example, at the particle surface (  r =  r s   ), we have   T =  T s   , which expresses the exact boundary condition at the particle surface. A similar sanity check can be performed at a radial location far from the solid particle (  r → ∞  ). Additionally, for the limiting case when the temperature at the surface and the temperature at the freestream are equal, the solution of the above equation can be simplified to   T =  T s  =  T ∞   .



The diffusion of the combustion products into the surrounding carrier gas is characterized by the Lewis number,   Le = α / D = λ / ( ρ D  C p  )  , which relates the mixture thermal diffusivity   α = λ / ( ρ  C p   ) to the mass diffusivity ( D ). An assumption of the unity Lewis number was made to retain mathematical tractability. This means that the mass (mass diffusivity of the copper vapors relative to the gas mixture) and thermal diffusion were approximately equal. Considering a unity Lewis number, where the mixture thermal diffusivity is (  α = λ / ( ρ  C p   ) and the species diffusivity is ( D ) and equal, (  λ / ( ρ  C p  = D  ), the above equation simplifies to:


      m ˙  s  r   ρ D   = ln  1 +  B T   ,  



(11)




where the thermal transfer number (  B T  ) is as follows:


   B T  =     m s  ˙   C p   (  T ∞  − T )    Q s   ,  



(12)







To decipher the physical implication of the thermal transfer number (  B T  ), let us posit that the copper vapor product leaves with an energy of    m ˙   C p   (  T s  −  T ∞  )   . If this thermal energy is supplied to the copper vapors at   T s  , the potential amount of energy that is transferred is    m ˙   C p   (  T s  −  T ∞  )   . The higher the   B T   number, the higher the potential for heat transfer in the surrounding gas phase.



2.1. Comparison with Other Single-Particle Combustion Models


Previous works developed analytical models for quasi-steady single-particle combustion for a variety of fuels. Here, these models were compared to the core–shell nanothermite combustion model; the comparison is summarized in Table 1.



2.1.1. Spray Combustion


The spray combustion has the following two fundamental elements: combustion of an individual fluid droplet and a collection of droplets [31]. Intuitively, single droplet combustion generally appears in dilute sprays, whereas droplet clusters are found at higher concentration flows. It should be noted that the size of these clusters is much smaller than the integral length scale of the turbulent flow [32]. Much research has been conducted to investigate the steady-state burning of individual drops and the two-stage ignition—particularly in microgravity [33,34]. However, the literature on group combustion is rather limited. In the case of single droplet combustion, the thermal transfer number, equivalent to Equation (12) for nanothermites, becomes [35]:


  B =    C p   ( T −  T  s , b   )    L h   +   Y  O  2 , ∞     c  O 2      h c   L h   ,  



(13)







In the above equation T,   T  s , b   ,   C p  ,   h C  , and   L h   are the temperature at a distance from the fuel drop, the boiling point of the liquid fuel, the specific heat of the gas, the specific enthalpy of the combustion reaction, and the latent heat of vaporization, respectively. Likewise,   Y  O  2 , ∞     represents the oxygen mass fraction at locations far from the fluid drop, and   c  O 2    represents the oxygen stoichiometric coefficient in the reaction. Therefore, in order to elucidate the physical interpretation of B, the energy (   C p   (  T ∞  −  T s  )  +   h c   Y  O  2 , ∞     /  c  O 2    ) of the reaction products that escape from the surface was considered. By providing this thermal energy to a noncombustible liquid fuel at a temperature of   T s  , the physical quantity of the fuel that can potentially be vaporized is (   (  C p   (  T ∞  −  T s  )  +   h c   Y  O  2 , ∞     /  c  O 2   )  /  L h   ). In droplet combustion, the potential of converting liquid fuel into vapors, measured in the mass of fuel per mass of the stoichiometric amount of air, is known as the transfer number B. In this sense, a greater value of B depicts a higher level of overall evaporation and consequently, a higher combustion of the fluid particles.




2.1.2. Coal/Char Combustion


Annamalai and Ramalingam [13] conducted a theoretical analysis in order to decipher the combustion characteristics of char particle clusters in a quiescent flow. In their case, they determined the mass transfer number of a single coal/char particle as follows:


  B =      Y  C  O 2     c  C  O 2     +   Y  O 2    c  O 2     −    Y  C  O 2  , s    c  C  O 2  , s    +   Y   O 2  , s    c   O 2  , s       1 +    Y  C  O 2  , s    c  C  O 2  , s    +   Y   O 2  , s    c   O 2  , s       ,  



(14)




here,   Y  C  O 2    ,   Y  C  O 2  , s   ,   Y  O 2   ,   Y   O 2  , s   ,   c  O 2    and   c  C  O 2     represent the carbon dioxide (CO   2  ) mass fraction, carbon dioxide (CO   2  ) mass fraction at the char particle surface, oxygen (O   2  ) mass fraction, oxygen (O   2  ) mass fraction at the particle surface, oxygen and carbon dioxide stoichiometric coefficient in the reaction. In this combustion reaction, the main product is carbon dioxide, while the reaction of carbon and oxygen is trivial. Furthermore, each particle releases carbon monoxide based on the oxidation of the carbon atoms and reduction of carbon dioxide. This carbon monoxide later oxidates to create carbon dioxide provided a homogeneous gas phase. Hence, they proposed a one-step reaction scheme as follows: CO +   1 2   O   2  → CO   2  . Considering this reaction, if the rate of oxidation of carbon monoxide is high, then the concentration of oxygen in the particle cloud will dwindle. Moreover, the global rate of the char cloud combustion was deemed independent of carbon monoxide oxidation, if the diffusion control is ensured for the combustion of every char particle in the group.





2.2. Particle Consumption Time and D-Square Law


Considering Equations (1) and (4) at the surface of a particle and simplifying by replacing radius of the particle with its diameters (  d s  ), we get:


    d  d s 2    d t   = −  k q  = −   8 ρ D   ρ s   ln  1 + B  = −   8 ρ D   ρ s   ln    1 −  Y ∞    1 −  Y s     ,  



(15)




where   k q   is a constant corresponding to the linear slope of the relationship between the diameter square (  d s 2  ) and time (t). Physically,   k q   represents the combustion rate of the nanothermite particle. It is noteworthy that the right-hand terms of the above equation are constant in time, and the solution of the above linear differential equation is as follows:


   d s 2  =  d  s , 0  2  −  k q  t ,  



(16)




where   d  s , 0    is the initial size of the particle. Thus, the time taken for the particle to become completely consumed (   d s  = 0  ) is (assuming that complete and idealized combustion occurs) is calculated as follows:


   t s  =  d  s , 0  2  /  k q  ,  



(17)







The particle diameter decays linearly with time. There is a finite time when the particle is completely consumed, given by    t s  =  d  s , 0  2  /  k q   . This is an order-of-magnitude approximation given the heterogeneous makeup of the core–shell nanothermite. For other solid and liquid fuels, the scaling relation between the lifetime and diameter of the particle (   t d  ∝  d  s , 0  2   ) was shown previously.



Returning to our initial assumption of quasi-steady combustion, we implicitly assumed that the particle was stationary and the gas generation and expansion were perfectly symmetrical. The above analysis does not account for the relative velocity of a nanothermite particle to the gas phase. However, it was found empirically for other fuels [36] that even if there is a superimposed gas velocity, the scaling relationship, Equation (17), holds. The study conducted by Fr  o ¨  ssling [37], who developed correlations of droplet evaporation, described the correction factor   k u   in the presence of a free-stream gas velocity (  u ∞  ). Thus, the modification ratio of   k u   as a correction in the presence of some flow divided by   k q   is as follows     k u   k q   = 1 + a    Re  b   , where  Re  is the Reynolds number, a is typically about   0.3   and b is also about   0.25   to   0.3   in droplet evaporation. With these values, there is a relatively weak dependence on    k u   k q    for various  Re . Hence, the above relation can serve as a motivation for researchers to implement more detailed measurements of the variation of the nanothermite diameter with time during its combustion.





3. Mass Conservation and Group Combustion


The previous section provided a simplified analytical framework with which to characterize the combustion of a discrete, quasi-steady, spherical core–shell nanothermite particle. In this section, we derive an analytical approach to describe nanothermite cloud combustion. The initial part of this section presents the derivations, while the later part describes the group combustion trends. Although extensive research has been carried out on group combustion theory, no study exists on the thermally-driven particularities of core–shell nanothermite combustion. The theoretical approach adopted in this study follows similar lines of inquiry used for spray [35] and coal powder combustion [13], but adapted to the specific characteristics of nanothermites.



Distributed core–shell nanothermites are considered to be a spherical group of particles (although the results could be easily extended to cylindrical and planar clouds). Consider a group of radius   R G   containing nanothermite particles as shown in Figure 3. The group is essentially a two-phase region, consisting of discrete solids and a continuous gas phase. The gas phase inside the group can be divided into the film region (region C, in the particle’s vicinity) and the gaseous middle region (region B—shown in Figure 3). There is a separation of length l between the particles. As in the previous section, we considered dispersed aggregates of core-=shell Al/CuO nanothermites, which produce copper vapor when the aluminium core oxidizes. The copper vapor is formed at the particle surface, and it diffuses into the gaseous middle region through the film region. The rate of heat transfer and nanothermite combustion is dictated by the diffusion of copper vapor, which eventually diffuses into the outer region (region A). For the purpose of simplifying the group combustion analysis, we made two additional assumptions. The first assumption is    d s  / l ≪ 1  , which translated to a continuum in the group region. Consequently, the particles are perceived as point sources. The second assumption is the presence of a uniform monodispersed cloud of nanothermite particles.



In the classical group combustion regime, an internal zone of unburnable fuel is created by the evaporation of liquid fuels or pyrolysis of solid fuels (due to lack of oxygen), which establishes a flame around a cluster of these particles. During this change, the individual particles’ flames transitions to a flame around a group of particles. In the case of nanothermites, which are a type of nanoreactors that do not have limitations in terms of oxidizer availability, since it is available within each particle, each particle acts as a microreactor with the ability to ignite when it reaches above its ignition temperature. Thus, the combustion dynamics of the group are a purely heat and mass transfer problem.



It is noteworthy that heat release is a function of temperature. The temperature variation within a cloud plays an important role in group combustion, which depends on the mass transfer of copper vapor above the ignition temperature. It is reasonable to assume that combustion reactions in region B (of Figure 3) take place uniformly since it is the domain of mean mass and mean temperature within the interstitial field. Thus, the group is considered as a homogeneous phase. It was previously demonstrated for a group interaction system that all the particles must be at the same temperature (  T s  ) for the thermodynamic equilibrium to occur at a steady-state [38]. Therefore, the reaction rate in each configuration was considered constant in our model.



The group or cloud method described in this section involves obtaining the statistical mean of the mass source. The conservation of mass [39] of copper vapors of all particles for the control volume bounded within cross-sections of radii r and   r + d r   is given as:


   d  d r    4 π ρ D  r 2    d Y   d r    =      4 π  r 2  n  4 π D ρ  r s  ln  ( 1 + B  ( r )  )   ,     ∀  r <  R G        0 ,     ∀  r >  R G  ,       



(18)







Quasi-Steady Assumptions of Group Combustion—The above governing equation of group combustion holds under the following assumptions. The combustion time of each particle is sufficiently long to establish a steady state over a continuous gas field of size O(  R G  ). The combustion and its effect of every particle can be viewed as point sources of mass and energy for the gas field. The ignition of each particle is governed by the surrounding temperature of the gas phase.



An appropriate inter-particle vapor product propagation model can determine how the steady combustion field is realized within the group combustion theory. We arrived at the solution of the above governing equation following the approach adopted in the literature [40,41]. Here, the solution is presented for a monodispersed and uniformly distributed group. The radial variation of mass fraction and temperature is as follows:


     −   ln    Y −  Y ∞     Y s  −  Y ∞       M  S C    = −   ln    T −  T ∞     T s  −  T ∞       M  S C        = 1 −   sinh (   G   (  R G  / r )   )     G   (  R G  / r )   cosh  (  G  )    ,     ∀  r <  R G      



(19)






        =   R G  r   1 −   tanh (  G  )   G    ,      ∀  r >  R G  ,     



(20)




where    M  S C   = ln  ( 1 + B )    is the non-dimensional rate of sheath combustion as is defined in Equation (30) and the group combustion number (G) can be expressed as follows:


    G    = 4 π n  r s   R G 2  = 3 N    r s   R G    =  S s    R G 2   r s       



(21)






        = 3  σ F      R G   r s    2  =   9  m  s , G     4 π  r s 2   ρ s   R G        



(22)






        =    m  s , G      4 π  3   R G 3     1  ρ s      3  R G 2    r s 2   =  1 − φ    3  R G 2    r s 2   ,     



(23)




where n is the density of particles (with units of m    − 3   ),   r s   is the radius of the particle, N is the total number of particles in the group,   S s   is the surface area of the particles in a unit volume,   σ F   is the ratio of fuel to air volume,   m  s , G    is the total mass of particles in the group and   φ = 1 −  ρ  T G D   /  ρ s    is the virtual porosity of the particles in the group, wherein    ρ  T G D   =    m  s , G      4 π  3   R G 3       is the theoretical group density.



The G number expresses a relationship between the total number of particles (N) and normalized interparticle spacing of   l /  r s    within a cluster. As the core–shell particles are local sources of heat and mass, the physical implication of G can also be determined as the ratio of the characteristic heat release rate of the exothermic reaction to the heat transport rate of products (as copper vapors) in the group/cloud, from Equations (19) and (20).



The normalized mass-fraction and temperature of nanothermite group combustion, determined using Equations (19) and (20), are plotted in Figure 4. These normalized plots are similar to the non-dimensional temperature distribution and non-dimensional vapor mass fraction of group evaporation [42]—this is a reasonable observation as both droplet evaporation and core–shell nanothermite combustion depend primarily on temperature, not the availability of the oxidizer. The variations of the temperature (T) and mass fraction (Y) of the nanothermite combustion products, as in Equations (19) and (20), differ from both spray [39] and char combustion [43]. However, the normalized Shvab–Zeldovich variables [43] of the spray combustion (  ϕ =    β  F −  O 2    −  β   F −  O 2   , ∞      β  s  F −  O 2     −  β   F −  O 2   , ∞      , where    β  F −  O 2    =   Y F   c F   −   Y  O 2    c  O 2      [39]) and char combustion (  ϕ =   1 +  β  C  O 2  −  O 2      1 +  β  C  O 2  −  O 2  , ∞      , where    β  C  O 2  −  O 2    =   Y  C  O 2     c  C  O 2     +   Y  O 2    c  O 2      [13]) are similar to that of the non-dimensional temperature (and non-dimensional mass-fraction) of the nanothermites (Equations (19) and (20)).



Group Mass-Loss Rate and Correction Factor


The outflux of copper vapors progressively increases radially (r) from the cloud center (  r = 0  ) to the cloud periphery (  r =  R G   ) because of the symmetry. The clouds mass flow rate at a radial location (r) is determined by summing up the overall particle sources (from Equation (4)) as follows:


    m ˙  r  =  ∫  0  r  4 π  r 2  n   m ˙  s   d r  =  ∫  0  r  4 π  r 2  n   4 π ρ D  r s  ln  ( 1 + B  ( r )  )    d r  ,  



(24)







Further, the total mass flow rate (   m ˙  G  ) at the boundary and outside of the cloud is as follows:


    m ˙  G  =   m ˙   r =  R G    =  ∫  0   R G   4 π  r 2  n   m ˙  s   d r       ∀  r ≥  R G  ,  



(25)







Thus, the normalized radial mass outflux rate of the group is given by the following formula:


        m ˙  r    m ˙  G        =     R G  r     − 3  4     cosh   G  1 2       R G  r     − 3  2    −   sinh   G  1 2       R G  r     − 3  2       G  1 2       R G  r     − 3  2       cosh   G  1 2    −   sinh   G  1 2      G  1 2      ,      ∀  r <  R G      



(26)






        = 1 ,      ∀  r ≥  R G  ,     



(27)







Figure 5 plots the normalized radial mass flow rate     m ˙  r  /   m ˙  G    against the normalized radius   r /  R G    for different group combustion numbers (G). We observed that as the G increased, the majority of the combustion occurred near the group perimeter, for instance in sheath combustion for   G > 100  ).



Furthermore, the non-dimensional mass group rate (  M G  ) can be obtained as follows:


   M G  =    m ˙  G   4 π ρ D  R G    ,  



(28)







The mass flux in the cloud is normalized by (  4 π  R G  ρ D  ), analogous to the normalizing term of single particle combustion presented in Equation (5). The normalized mass flux considered in the nanothermite group combustion was described so that the conditions of the cloud versus the single particle combustion could be compared. The solution for the group mass-loss rate is provided in two forms. First, the ratio of non-dimensional nanothermite group combustion (  M G  ) with the non-dimensional sheath combustion rate (  M  S C   ) [43] is defined as follows:


    M G   M  S C    = 1 −    tanh   G  1 / 2      G  1 / 2     ,  



(29)




where the non-dimensional rate of sheath combustion (  M  S C   ) is obtained from Equation (4) as follows:


   M  S C   =    m ˙   S C , G    4 π ρ D  R G    = ln  ( 1 + B )  ,  



(30)







With the increasing magnitudes of G, the above fraction (   M G   M  S C    ) tends to reach a unitary value as shown by the trend of Figure 6. The limiting cases (e.g.,   G < 0.1   and   G > 100  ) can be approximated as   1 −    tanh   G  1 / 2      G  1 / 2     ≈  G  G + 3    . Before proceeding to the next form of the group mass-loss rate, it is important to note that we classified nanothermite group combustion based on the magnitude of    M G   M  S C    , which in turn was based on the group combustion number (G). Secondly, the group mass-loss rate can be normalized by integrating the isolated group burn rate (  M  I S O , G   ) as follows:


  M =   M G   M  I S O , G    =  3 G   1 −    tanh   G  1 / 2      G  1 / 2      =   M G   M  S C     3 G  ,  



(31)




where the non-dimensional isolated group combustion is provided by considering Equation (5) of single particle combustion as follows:


   M  I S O , G   =    m ˙   I S O , G    4 π ρ D  R G    =   N   m ˙   i s o     4 π ρ D  R G    = N  l n  ( 1 + B )    r s   R G   ,  



(32)







Figure 6b plots the variation of  M  with G considering a monodispersed and uniform group of nanothermites. When the magnitude of G is approximately   0.5  ,  M  equates to roughly 80% of the isolated particle combustion. The rate of particle combustion accounts for only about 10% of the isolated particle combustion rate for a group combustion number (G) of 100. As G approaches zero, the ratio  M  tends towards one.



In this study, the diffusion of species was treated as being controlled, and the problem was considered from a thermal point of view. Based on Figure 4 for   r >  R G   , group combustion is essentially a cloud of hot burning particles that loses heat to its surroundings. Figure 6a shows the results for group mass-loss rate in the form of    M G  /  M  S C     variation with the group number (G). Figure 6b shows the group mass-loss rate in the form of  M  variation with the group number (G).



In a group of particles where G approaches zero, each particle in the group is enclosed in a gas at the temperature of   T ∞  , with     M G   M  S C    → 0   considered for a range of     M G   M  S C    ≲ 0.1  . This case of isolated group combustion corresponds to group numbers of   G < 0.5   with   M → 1   for magnitudes of   M ≳ 0.8  . As the magnitude of G increases, each particle inside the group has the same temperature as the particle surface (  T  P S   ), and the concentration of copper vapors corresponds to the saturated condition. Therefore, a compact group of particles acts as a single, large, isolated particle placed in an ambient fluid at   T ∞   and   Y ∞  . Under these conditions, the group of particles is considered to combust in the sheath combustion (SC) regime. As the magnitude of G increases, the fraction    M G   M  S C     reaches one, which is considered for a range of     M G   M  S C    > 0.9  . This corresponds to group number of   G > 100   with   M → 0   for a range of   M ≲ 0.03  . This variation in  M  does not indicate that the combustion rate of nanothermites reduces as G increases.



The above ranges of group number (G) assist in classifying the group mass loss rate to the sheath combustion mode (   M G  =  M  S C     for   G > 100  ) and the isolated combustion mode (   M G  =  M  I S O , G     for   G < 0.5  ) as defined in Equations (29) and (31), respectively. Whilst this variation of group mass-loss rates (   M G  /  M  S C     and  M ) with group number (G) is already established for spray [44] and char combustion [13], it helps to establish that these variations are the same and consistent for nanothermite combustion as well.



This section described the analytical approach adopted in modeling the group combustion of the nanothermites. We established a solution for the normalized mass-fraction and temperature of nanothermite group combustion (Figure 4). Additionally, we established the classical combustion modes of isolated and sheath combustion modes based on the group combustion numbers of   G < 0.5   and   G > 100  , respectively. In the following section, the group combustion modes of nanothermites are further refined.





4. Group Classification


The following part of this paper describes, in greater detail, the classification of nanothermite group combustion modes. As mentioned in the previous section, this classification is based on the magnitude range of the group mass-loss rate    M G   M  S C    , which further depends on the group combustion number (G). We can redefine G as the ratio of mass transfer between the particles in the group (Region A, Figure 3) to the mass transfer between the group and its surroundings (Region B, Figure 3). This assists with the classification of different nanothermite combustion modes. When the mass transfer along the group boundary and ambient region (Region A, Figure 3) is extremely rapid in comparison to the net transfer among the particles and surrounding gaseous phase in the group (Region B, Figure 3), G is small and likely attributable to an isolated combustion (ISOC, Zone i) mode. When the mass transfer along the group boundary and ambient region is significantly low in comparison to the net transfer among the particles and the surrounding gaseous phase in the group, G is large and it is suitable to adopt the sheath combustion (SC, Zone iv) mode.



Other than the isolated combustion (ISOC) model and the sheath combustion (SC) model, Table 2 also classifies the intermediate models of nanothermite combustion. Overall, we can classify nanothermite groups simply into internal group combustion—representing Regime I of     M G   M  S C    < 0.7   with   G < 10  —and external group combustion representing Regime II of     M G   M  S C    > 0.7   and with   G > 10   as shown in Figure 7. The other modes are individual to partial group combustion in the upper limit of internal group combustion with the group combustion number in the range of   0.5 < G < 10   which represents Zone ii of   0.1 <   M G   M  S C    < 0.7   and   0.8 > M > 0.2   in Table 2. Further, the group combustion number in the range of   10 < G < 100   represents Zone iii of   0.7 <   M G   M  S C    < 0.9   and   0.2 > M > 0.03  . Zone iii is in the lower limit of external group combustion, depicting the modes of critical particle combustion (CPC) and external particle combustion (EPC). Next, we discuss the classification of minor regimes of nanothermite group combustion.



4.1. Isolated Particle Combustion (ISOC)


In the case when particles are sufficiently distant from each another, they combust in an isolated mode of combustion. The existence of neighbouring particles has no effect on the combustion characteristics of an individual particle. This is discussed in detail in Section 2.




4.2. Internal Group Combustion (IGC)


It is hard to delineate the zones of cloud combustion for nanothermite as the species in the gaseous phase do not chemically react and there is no requirement to find oxygen-deficient regions. Thus, the various minor modes of nanothermite combustion (IPG, IGC and PG, as well as CGC, EPC and SC) are placed into the same groups. Internal Group Combustion (IGC) and External Group Combustion (EGC) were also established in spray combustion [45]. In the case of Internal Group Combustion (IGC), the highest mass fraction of copper (vapour product),   Y =  Y  M a x    , is located inside the group cloud (  r <  R G   ).



4.2.1. Individual Particle Combustion (IPC)


If the number density (n) of nanothermite increases, the burning characteristics of the constituent particles change owing to the rise in temperature within the region. However, suppose the inter-particle distance (l) is large. In such a case, each particle still maintains its own combustion characteristics, with the temperature of the cloud being higher than the temperature of isolated particle combustion. This is termed IPC, as demonstrated in Figure 8a.




4.2.2. Incipient Group Combustion (IGC)


The outermost nanothermites continue to combust in IPC as the magnitude of n increases. These nanothermites produce copper vapors, resulting in increased copper vapors (  Y  C u   ) within the cloud. As this continues, the copper vapors reach the maximum mass fraction of saturation located at the cloud’s core. Further, the temperature at this location is at its maximum due to the maximum mass fraction of combustion products. This is termed IGC, as shown in Figure 8b.




4.2.3. Partial Group Combustion (PGC)


As n increases even further, the inner particles are starved of outer vapors (by extension, thermal energy) and ignite at a slow pace. The vapors from the inner region diffuse outwards and establish a maximum temperature inside the cloud. However, the nanothermites located in the outer region of the cloud combust in the form of IPC. This phenomenon is denoted as PGC, see Figure 8c.





4.3. External Group Combustion (EGC)


Suppose we further increase the concentration of nanothermites (n), such that, it causes a decrease in the copper vapor concentration within the cloud, and the location at which    Y  C u   ≈ 0   moves radially outwards from the cloud’s core. Furthermore, the mass fraction of fuel around the group’s center increases with an increase in the number density. For the regime of EGC, the maximum mass fraction of the copper vapors (  Y =  Y  M a x    ) is located at the group cloud radius (  r =  R G   ).



4.3.1. Critical Group Combustion (CGC)


As the magnitude of n increases further, the flux of copper vapor is such that it cannot penetrate to the cloud’s core and prevent the combustion of the nanothermites at the center. The maximum temperature is located only at the cloud surface. This is termed CGC, as shown in Figure 8d.




4.3.2. External Particle Combustion (EPC)


When n is further increased, the flux of inner copper vapors prevents outer copper vapors (and heat) from penetrating into the cloud center (and its surroundings). A maximum temperature is still determined at the group radius (  R G  ). This is called EGC, as shown in Figure 8e.




4.3.3. Sheath Combustion (SC)


When n increases to large magnitudes, thereby forming a compact group, a state is achieved in which the temperature at the boundary of the particle group is at the ignition temperature of the nanothermite. The group acts similarly to an individual large particle of radius   R G   that has a group mass density similar to single particle density (   ρ G  =  ρ s   ). This combustion mode is known as sheath combustion, as shown in Figure 8f. Thus, we can use the single-particle results presented in Section 2 for a highly dense spherical cloud.



In practical cases,   T ∞   is lower than the ignition temperature of the considered core–shell nanothermites. Figure 8 demonstrates that the core–shell nanothermite combustion results in net heat release to the initial ambient gas because the magnitudes of the temperature profile are greater than the ambient temperature (  T >  T ∞   ).



As shown in Figure 7a, the mass fraction (Y) profiles are indicative of combustion occurring inside the thermite cloud since every particle in the system has access to an oxidizer. Figure 7b also shows combustion in an area bordering the thermite cloud. Additionally, the temperature profiles in Figure 8 are at their maximum at or within the cloud boundary and decrease to that of a distant temperature (  T ∞  ). Regardless of the mode of external combustion in the second row of Figure 8, maximum temperature mainly occurs at the boundary because of the high particle concentration, which causes greater heat flux to the surrounding gas than the heat influx into the cloud interior. If we consider that the single particle completely burns instantly, then the time for single particle combustion is zero (   t s  = 0  ), Equation (17), which is not the case for nanothermites.



It is important to emphasize that the combustion of nanothermites is not oxidizer limited. The model implicitly assumes that the stoichiometry of the nanothermite is balanced, i.e., the copper oxide content in the core–shell is neither more nor less in comparison to the aluminium content. This is an important distinction compared to spray and coal combustion. Owing to this property, internal particles of the cloud boundary may react via heat diffusion or the mass convection of products. Figure 9a illustrates the external sheath combustion (ESC), while Figure 9b depicts the internal sheath combustion (ISC) mode of nanothermites.



Figure 10a shows the required number of particles (N), and Figure 10b shows the fraction of cloud radius to particle radius (   R G  /  r s   ) with interparticle spacing (  l /  r s   ) for different group combustion numbers (G). The variation in G represents different group combustion modes. The data representing   l /  r s  < 2  ,    R G  /  r s  < 2  , and   N < 1   are theoretical and have no physical implications. As shown in Figure 10a,   l /  r s  = 30   is fixed and increasing N results in a larger group radius. Hence at   l /  r s  = 30  , the mode of isolated particle combustion occurs when   N ≲ 6  , internal group combustion occurs when   6 ≲ N ≲ 488  , external group combustion takes place if   488 ≲ N ≲   15,450, and sheath combustion develops for   N ≳   15,450. Likewise, considering Figure 10b where   l /  r s  = 30   is chosen, the mode of isolated particle combustion takes place when    R G  /  r s  ≲ 32   (e.g.,    r s  = 30   µm,    R G  ≲ 1   mm), internal group combustion takes place if   32 ≲  R G  /  r s  ≲ 146  , (1 mm   ≲  R G  ≲ 4.6   mm), external group combustion occurs for 146   ≲  R G  /  r s  ≲  464, (4.6 mm   ≲  R G  ≲ 15   mm), and sheath combustion develops if    R G  /  r s  ≳ 464   (   R G  ≳ 15   mm). As the combustion rate reaches isolated particle combustion, the reducing group radius (  R G  ) correlates to a higher combustion rate of each particle. Note that the quasi-steady assumption underpins all of the plots in this section, and also the time-dependent considerations reduce the interaction.





4.4. Comparison with Other Group Combustion Models


Table 3 classifies various nanothermite group combustion regimes with the lower limit and upper limit of the group combustion number (G). The upper limit of the regime corresponds to the lower limit of the next regime. The regime before the Individual Particle Combustion (IPC) corresponds to Isolated Particle Combustion (ISOG), where particles burn without interaction. We can observe in Table 3 that the magnitude of nanothermite regimes varies exponentially from IPC of 0.5 to CPC of 10 to SC of 100. It is apparent from this table that the magnitudes of G are higher for nanothermite regimes than for spray combustion. These higher magnitudes of G occur because the combustion is not limited by the oxygen availability in the gas phase.



Laster and Annamalai [46] analyzed the transient combustion of a quiescent droplet cloud. They reported that a cloud ignites with ease in comparison to a single droplet. Additionally, if the cluster is dense, ignition is limited to within a narrow band along the outer surface of the cluster. Similarly, the ignition of a fuel spray was investigated by Bellan and Harstad [47]. Here, the influence of convection was determined to be less crucial in a cloud of high spray concentration. In this case, until a considerable quantity of fuel evaporates and saturates the environment, combustion does not begin. In this regard, Chiu and Lin [44] numerically studied the time-dependent ignition of a cold spray as it was suddenly exposed to a hot environment. It was found that ignition and combustion within a cloud can take place even if the cloud is non-diluted (  G > 1  ). This aberrant combustion contradicts the typical norms of group combustion.





5. Group Combustion of Non-Spherical Particle Distribution


In order to model the combustion of nanothermites, we developed a group combustion model for the simple geometry of spherical particle distribution in the previous section. A hypothetical group combustion of nanothermites is shown in Figure 11, where we considered a two-dimensional flux of nanothermites entrained from the nozzle along with a laminar flow surrounding it. This injection of nanothermites was distributed with a greater concentration near the nozzle and a lesser concentration further away. Symmetry conditions around the midline can be taken into account. The resulting temperature of the gas mixture is higher in a region when the concentration of nanothermites is higher. Having nanothermite particles distributed randomly in such a system and the complexities of the flow fields makes it difficult to obtain a closed-form solution to this problem. To be able to identify the parameters governing the group behavior in such a system, it is helpful to achieve explicit solutions for the burn rate and correction factor for simple geometry, as discussed previously in Section 4 (and Figure 8).



The particle distribution of nanothermites is shown in Figure 11, along with the contour map of the heat release for the corresponding regions. We can, for the most part, classify the combustion flow regimes as either an external group combustion regime or an internal group combustion regime. The zones under these regimes are considered equivalent to simple geometry zones (SC, EPC, etc.) from Section 4. As long as there are particles within the boundaries of such particle distributions but no particles outside, then there is a mass source term for particles within the boundary but not for particles outside. In other words, there is a variation in the number density, which is indirectly the mass source. By assuming that we reshape these zones to a spherical shape and there is no convective flow across the zones, we obtained a closed-form solution to the burn rate of clouds.



When ignited, the nanothermites burn mostly along the boundary of the distribution in external group combustion. Because the nanothermite core is too cold for ignition at the nozzle exit, it was hypothesized that ignition begins further downstream. As nanothermites are highly dense (SC), heat transfer and ignition are not possible within the distribution boundary, resulting in ignition occurring outside this boundary. The increasing separation of particles (EPC) results in heat penetration of the inner side of the cloud and ignition of those particles. After a sufficiently large separation of the particles is reached, heat penetrates to the mid-area of the jet, intersecting and igniting the entire cluster (CPC). After this zone, internal group combustion may exist outside of the external group combustion. There may be an individual combustion zone (PGC) or a nested combustion zone (IGC) around a group of particles. This is followed by the terminal zone, where unburned nanothermite particles are consumed individually (IPC).



It is important to emphasize that we began this study by focusing on aluminium-copper oxide. However, this framework can be applied to a variety of different nanothermite compositions, such as aluminium-bismuth trioxide and aluminium-iron oxide. Some of these fuels are more gas generating, while others are predominantly energy generating. Aluminium-copper oxide does not generate a lot of vapors compared to the other types of nanothermites. Thus, all these different effects could also be expanded to the present study, including the high amount of gas generations as well as studying the high threshold values for enthalpy and observing their impact on the results.




6. Conclusions


A combustion model was developed to examine the combustion characteristics of a cloud of spherical, core–shell, nanothermite particles. The present framework characterized the burning configuration in different combustion modes. The burning characteristics of each particle are dependent on the diffusion rate of heat and copper vapors, and the overall combustion rate of the group is independent of oxygen availability due to the dispersed phase reaction of nanothermites. The theoretical results provided insight into the characteristics of combustion and emissions, which are dictated by the combustion mode. There are two regimes of combustion, namely (I) Internal Group Combustion (IGC), and (II) External Group Combustion (EGC). The correct regime can be established based on the mass flow of the fuel, the particle distribution, and the mass flows of species in the carrier gas. The IGC regime is defined based on small magnitudes of G, in which smaller particle sizes lead to a higher average burning rate per unit area. Hence, for a given mass within a group of a certain radius (  R G  ), smaller particle sizes yield an increase in the burning rate.



Although the model developed involves a number of assumptions that facilitate the theoretical tractability, the qualitative features of the experimental study of the nanothermites combustion are expected to follow the trends reported herein. However, for the accurate prediction of the combustion features and emission characteristics—especially for engineering relevant designs—the present laminar model must be extended to include turbulent features of the carrier phase, with added complexities, such as a finite rate chemical reaction, particle–fluid interaction mechanics, and swirling/recirculating flow features. Much of the group combustion phenomena reported in the paper were derived from theoretical investigations and should be verified experimentally to confirm the validity of the model.
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Figure 1. Illustration of the core–shell nanothermite and corresponding nanothermite agglomerate, which can disperse in the carrier phase for combustion. 
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Figure 2. Combustion of a single solid nanothermite; surface denotes nanothermite pellet surface. This combustion of a single-particle behaves the same as a highly concentrated group combustion event (sheath combustion as discussed in Section 4.3.3). 
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Figure 3. Illustration of combustion for a group of nanothermites and the different regions of A, B and C. 
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Figure 4. Variation of the quasi-steady non-dimensional temperature     T −  T ∞     T s  −  T ∞      of the gas and non-dimensional mass fraction     Y −  Y ∞     Y s  −  Y ∞      of copper vapors with a non-dimensional radius    r  R G     of nanothermite group.   T s   represents the temperature in proximity to isolated particle combustion as defined in Equation (10). 
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Figure 5. Plot of normalized radial mass flow rate     m ˙  r  /   m ˙  G    against the normalized radius   r /  R G    for different group combustion numbers (G). 
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Figure 6. (a) The fraction variation of cloud combustion rate to sheath combustion for a spherical nanothermite group with group combustion number. (b) The fraction variation of cloud combustion rate to isolated individual particle combustion for a spherical nanothermite group. 
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Figure 7. Illustration of major group combustion modes of nanothermites. 
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Figure 8. Illustration of minor group combustion modes for a cluster of nanothermites.   T  P S    is the particle surface temperature. 
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Figure 9. Illustration of external and internal combustion modes of nanothermites. 
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Figure 10. (a) The variation of the overall number of particles (N) with normalized interparticle distance (  l /  r s   ) for various group combustion numbers (G) corresponding to different group combustion modes. (b) The variation of non-dimensional group radius (   R G  /  r s   ) with normalized interparticle distance (  l /  r s   ) for various group combustion numbers (G) corresponding to different group combustion modes. 
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Figure 11. Schematic of group combustion in nanothermite jet suspension considering convective heating. 
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Table 1. Comparison with other single-particle combustion models.
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	Parameter
	Nanothermites
	Other Models
	Details





	B (Mass)
	    Y −  Y ∞    1 − Y    
	       Y  C  O 2     c  C  O 2     +   Y  O 2    c  O 2     −    Y  C  O 2  , s    c  C  O 2  , s    +   Y   O 2  , s    c   O 2  , s       1 +    Y  C  O 2  , s    c  C  O 2  , s    +   Y   O 2  , s    c   O 2  , s        
	Coal/char [13]



	  B T   (Thermal)
	      m s  ˙   C p   (  T ∞  − T )    Q s    
	      C p   ( T −  T  s , b   )    L h   +   Y  O  2 , ∞     c  O 2      h c   L h     
	Spray [11]
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Table 2. Summary of classifications of nanothermite groups based on range of group combustion number (G).   G L   represents the lower limit and   G U   represents the upper limit of the group combustion regimes, respectively.
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	Regime
	Zone
	Class
	Range of G
	Details





	I
	
	Internal group combustion
	  G < (  G U  ∼ 10  )
	Dilute, low G



	
	i
	Isolated combustion
	   G < (  G U  ∼ 0.5 )   
	Ultradilute, very low G



	
	ii
	Individual to partial group combustion
	    ( 0.5 ∼  G L  )  < G <  G U  ∼ 10   
	Moderately dilute, marginally low G



	II
	
	External group combustion
	   G > (  G L  ∼ 10 )   
	Dense, high G



	
	iii
	Critical to external particle combustion
	    ( 10 ∼  G L  )  < G <  (  G U  ∼ 100 )    
	Moderately dense, marginally high G



	
	iv
	Sheath Combustion
	   ( 100 ∼  G L  ) < G   
	Ultradense, very high G
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Table 3. Comparison of group number with other combustion models.
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Combustion

	
Nanothermites

	
Analogous Coal

	
Analogous Spray




	
Present Study

	
[43]

	
[39]






	
Parameter

	
    M G   M SC    

	
Group No. (∼ G )

	
Group No. (G)

	
Group No. (G)




	
Regime

	
Min.

	
Max.

	
Min.

	
Max.

	
Min.

	
Max.

	
Min.

	
Max.




	
Isolated Group Combustion (ISOG)

	
0

	
0.14

	
0

	
0.5

	
0

	
0.3

	
0

	
0.01




	
Individual Particle Combustion (IPC)

	
   0.14   

	
0.46

	
   0.5   

	
3

	
0.3

	
2

	
0.01

	
0.006




	
Incipient Group Combustion (IGC)

	
   0.46   

	
0.6

	
3

	
6

	
2

	
3

	
0.06

	
0.1




	
Partial Group Combustion (PGC)

	
   0.6   

	
0.7

	
6

	
10

	
3

	
4

	
0.1

	
1




	
Critical Particle Combustion (CPC)

	
   0.7   

	
0.87

	
10

	
60

	
4

	
40

	
1

	
10




	
External Particle Combustion (EPC)

	
   0.87   

	
0.9

	
60

	
100

	
40

	
100

	
10

	
100




	
Sheath combustion (SC)

	
   0.9   

	
1

	
100

	
∞

	
100

	
∞

	
100

	
∞
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