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Abstract

Nanothermites are promising energetic materials as their high-temperature reaction driven by the oxidation of a metallic fuel
associated with the reduction of an oxidizer, can exhibit extremely fast burning rates, exceeding hundreds of m.s~!. In addition,
by modifying reactant size, stoichiometry and compaction conditions, reaction properties (temperature, intermediate reactions,
by-products) and combustion rates can be tailored, making it possible to customize combustion properties for each application.
Unfortunately, in spite of three decades of research in the field of thermites, there is no predictive physical models able to provide
design guidelines to experimentalists. The reason of this is that the complex multiphasic physics governing thermite combustion,
where combustion gases interact with burning particles, is still poorly understood and documented, while being the key step to
depict the dynamics of the flame front. The purpose of this work is to propose a first one-dimensional (1D) model that describes
the dynamics of the reaction front propagation in Al/CuO powdered thermite considering the reacting flow combined with heat
transfer, chemistry and fluid flow. CuO was chosen as it is the widest used metallic oxidizer, that decomposes below the flame
temperature, leading to a gas phase driven reaction. Separate mass, momentum and energy transport equations for the three
phases, namely Al, CuO particles and gas mixture, are written in the frame of an Euler-Euler approach for multiphase reactive
flows. These equations are coupled by modeled interphase transfer terms. The theoretical formulation and numerical methods are
detailed. After validating the model with experimental case studies —specifically, the combustion of Al/CuO powder in open glass
tubes— numerical experiments are performed to demonstrate the utility of the code in (i) analyzing the multiphase flow dynamics
at the thermite flame front, and (ii) examining the critical powder characteristics that affect the burn rate.
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Nomenclature P Al particulate phase
Index q CuO particulate phase
¥ Flame s Al and CuO particulate phases (s = p+¢q)
Greek Symbols
g — m Transfer from gas phase to phase m
a Volume fraction
& Gas phase Au Velocity difference
i Atomic species i o Source term for mass production or loss (reac-
i,m Atomic species i in phase m tions)
) L £ Emissivity
lig Liquid
A Thermal conductivity
m One of the three phases p, g, or g
I1 Total heat transfer
max  Maximum p Density
min Minimum c Stefan-Boltzmann constant
p — q Transfer from phase p to phase g 0] Stoichiometric ratio of Al to CuO
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Latin Symbols Pr Prandtl number

A Specific surface area q Heat transfer
Ca Drag coefficient g°®?  Conductive heat transfer
D Diffusion coefficient q" ad Radiative heat transfer
d Diameter of particle .
! rOf particies R Universal gas constant
e Energy terms )
I Radius of the tube
1 Interphase momentum transfer term
Re Reynolds number
k Thermal conductivity
T Temperature
Ly Length of the tube
. Velocit
n Number of particles “ i
Nu Nusselt number Ug,,  Velocity of gas crossing particulate phase m
P Pressure v Volume
P/™¢ " Frictional pressure component w Molar mass
P Frictional pressure between particles Y Mass fraction

1. Introduction

Mixtures of Al/metal-oxide particles of sizes in the range 10> — 10° nm, commonly known as nanothermites, can burn
in a self-sustained reaction with an ultra-high energy density. One of the most attractive aspects of nanothermites is
the tunability in terms of burn rate and pressure development, making them good candidates for a variety of civilian
and defense applications [1, 2, 3,4, 5, 6, 7]. Typically, the burn rate can be tuned in the ranges of 10~! — 103 m.s~! and
the peak pressure in constant volume cell spans a few to tens of MPa varying the reactant composition and size, reac-
tant intimacy and the stoichiometry. Accurately predicting combustion characteristics, such as the propagation front
velocity and flame width, based on parameters like particle size of aluminum and oxides, compaction, stoichiometry,
and environmental conditions, remains a significant challenge in designing nanothermite materials optimized for spe-
cific applications. Current thermite combustion models [8, 9, 10, 11, 12, 13] suffer from over-simplifications which
severely limit their ability to establish such structure-property relationships. For example, in [8], a simplified gas-
less analytical approach was proposed to model the thermal front propagation in Al/MoOs3 nanothermite, presuming
homogeneous combustion waves and a single-step reaction mechanism described by an Arrhenius equation, with the
degree of reaction varying linearly from one to zero across the reaction zone. It also assumes constant thermophysical
properties which limits its predictive capability. Subsequently, de Lemos et al. [11, 12, 13] developed an equivalent
gasless combustion approach to simulate thermal front propagation in Al/Fe,O5 nanothermites, aimed at applications
in thermal plugging and abandonment processes. Similar to the model in [8], the exothermic thermite reaction is
represented as a single-step reaction through a source term in the energy equation, which does not fully capture the
complexity of the actual reaction mechanisms. Furthermore, all these gasless approaches rely on empirically deter-
mined activation energies and prefactors obtained through calibration, and do not incorporate critical factors, such as
reactant particle size and powder density, as input parameters in the reaction term. These factors, however, have a
significant impact on the reaction rate and should not be overlooked. Epps et al. in [14] introduced an interesting
approach to account for the advection of gas contained in a porous thermite matrix via Darcy’s law. But again, the
thermite reaction is reduced to a single Arrhenius law with a rough estimate of the gas released limiting the applica-
bility of such approach. No model currently exists for accurately describing heterogeneous flame propagation during
thermite reactions.
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Figure 1: Schematic of the modeled system : a semi-infinite cylindrical tube filled with Al/CuO powdered thermite. Zoom-in : detailed schematic
illustrating mass transfer and chemical reactions.

This study proposes to model the multiphase, multispecies, self-propagating combustion process in Al/CuO thermites
within a cylindrical tube. The proposed approach enables the accurate description of the temperature and pressure
profiles (T'(x,7), P(x,t)) in each phase (gas and particles), the tracking of gas- and condensed-phase species in the
reaction front, and, as key metrics, and, the prediction of key metrics, such as flame velocity (uy). An Euler-Euler
approach is employed to model the interaction between the two reactive particulate phases, aluminum, p, and CuO, g,
and the gaseous phase, g, involving 9 reactive species (Al, Cu, O,, N,, Al,O, Al,O,, AlO, AlO,, O). It involves solving
the mass, momentum, and energy transport equations in the three separate phases. Additional equations of species
mass fraction are employed to model the evolution of gaseous and particulate phases composition. And, the different
phases are coupled through specific closure laws that describes the interphase mass, momentum, and energy transfers.
In addition, the model integrates an ensemble of chemical reactions, and physical transformations that are known to
occur in the gas phase during the thermite reaction. This represents the most advanced thermite combustion model,
providing a detailed and precise description of combustion dynamics for variable thermite powder configurations in
terms of particle size, stoichiometry, powder density, and other important parameters. This article is organized as
follows. After the description of the physical system and considered chemical reactions in section 2, the continuous
model is presented in detail in Section 3. Section 4 provides simulation details and presents the numerical methods
as well as experimental procedures used to compare theoretical predictions with combustion tests. Finally, through 3
experimental case-studies, numerical experiments are presented in section 5, illustrating the interest of the model to
analyze the multiphase flow physics at the thermite flame front, and, predict the flame front propagation as a function
of powder characteristics.

2. Description of the system

The system is a cylindrical tube filled with an homogeneous mixture of Al and CuO particles in air. The tube (Fig.
1, radius r, and length L,) is isotropic according to the lateral dimensions. r; and L, are input parameters. The
combustion front propagates to the right, along the x axis, at the rate uy. The left and right boundary conditions
can be opened, fully-closed or partially opened. The initial Al particle purity (Yy4;), the powder compaction (), the
particles’ diameter (d), and d,, for Al and CuO particle respectively), and stoichiometric ratio (Al over CuO ratio, @)
are the main input parameters defining the initial thermite. To initiate the Al/CuO reaction, an input energy of 600
kJ.kg~! is injected uniformly at the left side of the tube. During the combustion, we consider three phases, noted p, g
and g, for the Al particulate phase, CuO particulate phase, and the gas phase, respectively. The main heterogeneous
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reactions and phase transitions involved between the particulate and the gas phases are: (1) oxidation of aluminum by
oxygen species (O and 0); (2) decomposition of CuO releasing oxygen species in the gas phase; (3) decomposition of
the alumina shell, which generates molecular oxygen and atomic aluminum; (4) vaporization/condensation of atomic
Al and Cu; for the sake of simplicity, they are treated similarly to heterogeneous reactions, based on the gas/liquid
equilibrium. In the gas phase, in addition to Al, Cu, O,, O, we include 4 Al suboxides species - ALO, Al,O,, AlO,
AlO; - as well as N,. The gas-phase kinetics are modeled based on the scheme proposed by Bucher et al. [15, 16].
The open-source tool Cantera dedicated to rate theory calculations was used to solve the set of differential equations
associated with the gas phase reactions. Details can be found in [17] and a summary of the reactions in both particulate
and gas phases is given in Table 1 and 2.

Table 1: Gas phase chemical reactions with associated kinetic parameters, defined as AT"e B/T X corresponds to the gas phase species Al, Cu, O,
01,ALO0, AlO, AlLOy, AlO>, N.

Chemical reaction A B n
(cmPmol~ s 1) (K)
Al+ 0, < AlO+0 9.7 x10'3 80.5 0
AlO+ 0,3 < AlO3+ 0 4.6 x10™ 10008 0
AL O, <+ AlO+ALO 1.0 x10% 59335 0
ALO; 5 Al+AlO, 1.0 x10%5 74937 0
ALO, <+ ALO+0 1.0 x101 52466 0
Al+ 0, < AlO+0 1.0 x101 44564 0
Al+ 05 < AlO+ Al 1.0 x101 67035 0
Al+0+X < AlO+X 3.0 x10"7 0 -1
0,+X < 0+0+X 1.2 x10™ 54244 0

Table 2: Heterogeneous chemical reactions. (g) and (c) stand for gas and condensed phases respectively. Note that condensed phases can exist as
either solid or liquid, depending on their temperature.

Reaction Mechanism Mathematical Implementation
2AlH+3 / 20y(g) — A Oy()  Diffusion-Reaction Spalding/spontaneous reaction
2Al() + 30 — AL O3 Diffusion-Reaction Spalding/spontaneous reaction

AL O3 — 2Al () +3/20,(,  Decomposition Arrhenius

CuO ) = Cu) + 1/202(g) Decomposition Arrhenius

Cuey < Cuy) Evaporation-Condensation ~ Spalding/Clapeyron

Al < Al Evaporation-Condensation ~ Spalding/Clapeyron

ALOy Condensation Spalding/spontaneous reaction

3. Physical Model

An Euler-Euler approach similar to that used in [18, 19] is employed to model the interaction between the reactive
particulate phases (solid or liquid, depending on their temperature) and the gas mixture. This method builds upon
a continuous model originally developed by Lanthouwers et al. [20] to describe the thermofluid dynamics of dense
reactive gas-solid mixtures, which has been simplified for our 1D case. It involves solving the mass, momentum, and
energy transport equations in the three separate phases. Additional equations of species mass fraction are employed
to model the evolution of gaseous and particulate phases composition. A last set of equations are used to predict the
average diameter of each particulate phase. Also, the different phases are coupled through specific closure models
that account for interphase mass, momentum, and energy transfers.

3.1. Mass, momentum and energy transport equations

This section presents the system of equations governing the evolution of mass, momentum, and energy for each phase.
Since the particulate phases p and g follow the same mathematical model, the equations are presented for phase p
only.



3.1.1. Mass

at (pmam) = _ax(pmamum) +Tn €))

where py,, 04y, Uy, are respectively the density, the volume fraction and the velocity of the phase m withm = p,q,g. I',
represents the interphase mass transfer rate per unit volume [17, 21], which satisfies the condition I'y +I", = 0. Note
that Equation 1 is applied to calculate the volume fractions of both particulate phases, but not the volume fraction of
the gas phase which is instead determined from the condition : },, o, = 1.

3.1.2. Momentum
The particulate phase p momentum transport equation is written as:

A (PpQptp) = —0(PpOpupttp) — Ox(0pPp) + Ig—sp +1gsp + T plic,, 2

P, is the pressure in the solid phase p detailed in section 3.4.2. I, ., and I, ,, represent the interphase momentum
transfers respectively, from the solid phases g to p and from the gas to phase p, due to particle-particle collisions and
frictional effects. The term Iy, 15, accounts for the momentum transfer associated with the interphase (gas-particle)
mass transfer (corresponding to I';, in Equation 1). ug,, is the mean velocity of the mass flux crossing the particle p
surfaces. The relation between ., ;, and 1, ,(u=p.q). given by Equations 23 and 24, is detailed in section 3.4.3. It
is important to note that gravitational forces are not considered in this model, as the system is oriented horizontally
(apppg is neglected).

The momentum transport equation in the gas phase is given by:

a, (pgagl/lg) = —ax((xgpgugug) — 8X(ang) + Z Im_>g + Z rmﬁgu(ymg (3)
m=p.,q m=p,q

I ¢, which represents the momentum transfers between the two solid phases and the gas, is detailed in section 3.4.3.
As for particulate phases, the term I',—,u,, accounts for the momentum transfer associated with the interphases
(particles - gas) mass transfer.

3.1.3. Energy

The specific internal energy of particulate phase p, denoted as e, is defined as : Y;Y; ,e; ,(T),) where ¢; ,(T,) is the
total internal specific energy of the species i at the temperature 7}, considering the formation and sensible energy. Y;
is the volume fraction of species i in particulate phase p. e; ,(7T},) considering the variation of both the heat capacity
and phase change (liquid/solid) of species i is calculated as:

_ _ Jeip)(Tp) Tp <Thigi
ez.,p(Tp) - {ei7p(l)(Tp) Tp > Tliq,i (4)
The gaseous specific energy is calculated as : e, = 0.5|ug||> + ¥, ¥i ¢ei ¢ (Ty), Where e; o(T,) represents the total in-
ternal specific energy of species i at temperature 7T, including both formation and sensible energy. Y;, is the mass
fraction of the species i in the gas phase.

Both ¢; ,(5) (7)) and e¢; ;) (7)) are computed based on NIST polynomials [22]. And, the values for e; ¢(7) are calcu-
lated using the NASA7 polynomials.
In the particulate phase, the conservation energy equation is written as:

o (ppapep) = _ax(ppap”pep) + 8erad + axqwnd +11, )

g™, 9,.q°™ are respectively the radiative and conductive heat flux in the considered particulate phase and I, =
YmzpLnsp denotes the total heat transfer from phases m = g, q to p. In the x axis, the interactions between particles
are accounted for in the friction term (section 3.4.2). It is important to note that, because the model is unidirectional,
the perpendicular axes are not resolved, and thus it does not account for any lateral heat losses through the tube wall.



In the gas phase, the conservation energy equation is written as:

01 (Pggeg) = —Ox(ps tgltgeg) — Ox(0tgPyug) + ) O'SFmHg”%smg + 4 (6)
m=p.q

dg = qg—g T qp—g T qq—g 1s the radiative and conductive heat transfers. The term }.,,,_, , O.SFmng%,mg represents the
kinetic energy associate to mass tranfer between phases m = p, g to the gas phase (I, in Equation 1).

3.2. Evolution of the particle composition

A (Pp0pYip) = —0u(PpOtpupYi ) + 0xDi p0iY; p + Z d)ir,g(p) N
rer

where D; , is the diffusion coefficients of specie i in particle p, considered null in this model. @ o(p) r€ source
terms representing the species vanishing or production due to gas-solid mass transfer mechanisms, i.e. condensation,

vaporization or migration (Table 2). The density p, is computed assuming the density of any species i constant :

-1
Y;
pp= (Z”’) ®)

7 Pip

3.3. Evolution of the gas mixture properties

The evolution of the gas mixture properties is predicted using the 9 transport equations (one per gaseous species, i)
written as follows :

o (pgagYi,g) =—0ok (pmamuin,m) + &xDz}gain«,g + Z (bi’:g(m) ©)
rer
o] o(m) AT source terms representing the species disappearance or production due to chemical reactions listed in Table
1. The density of the gaseous mixture p, is calculated based on the ideal gas law assumption.

-1
Yig Py
= 1w | Rry
i i 8
where W; represents the molar mass of species i. T, and R are the gas temperature and universal gas constant, respec-
tively.
3.4. Interphase coupling modelling

The effects of the interphase interactions are taken into account in the conservation Equations 1, 2 and 3 through the
presence of particle-to-gas and gas-to-particle mass and momentum transfer terms which are detailed thereafter.

3.4.1. Interphase mass transfer
According to the chemical reactions in both gas and particulate phase the mass transfer rates, I, with m = p,q, g are

calculated as : .
Te= Y Tuog= Y 2 Y 0 m

m=p.,q m=p,qreR i (10)
Lp=lgsp=—Tpog=~ Z Zd’z{g@)
reR i

where r represents one reaction from the set of reactions R which are summarized in Tables 1 and 2. @& a(m) refers

to the gaseous source term for species i associated with reaction r occurring in the particulate phase m. Additionally,

0 <(p) denotes the overall gaseous source term for species i corresponding to reaction r.



3.4.2. Solid-solid interactions
The solid-solid interactions can be classified into three primary contributions: friction, collisions and kinetics. How-
ever, in this study, we disregard the kinetics factors since particle agitation is neglected because our model is conducted
along a single axis (1D).
Frictional transfer. The particulate phase pressure, P, represents the internal pressure within phase p arising from the
friction among the solid particles themselves, as well as from their interactions with the surrounding fluid. It can be
written as :

Pp — Pfricpﬁp —&-Pfri(‘pﬁq (1 1)
. 2 )
where PfTicp—p = % P,, and, P/"cr—q = ag gq Py. o, represents the total particulate phase volume fraction, i.e. o, + 0.

P is the frictional Spressure of the two pérticulate phases as defined by Johnson & Jackson [23] in monodisperse
mixture :

((Xs - O‘s,min)r
(as,max - as)s

We assume Ol 0 = 0.64 as the maximum volume fraction and set ¢, = 0.5 as the lower threshold to trigger
collisional pressure. r, s and [ are emperical parameters equal to 2, 5 and 0.05, respectively. Finally, P, is written as

Pi=F 12)

(04
P, = ;’:PS (13)

Collisional contribution. The collisions are approximated by assuming Au,, = u, — u,, as:

0p0y ,, Autgp

i Au
ly—p = ﬂppfrupw =

= u (14)
[[Augy|| "o [ Augyl|
We took i, =0.4
3.4.3. Gas-particle interactions
The gas to particulate phase momentum transfer due to drag forces can be written as:
lesp=np < Foyp > (15)

where n,, is the particle number of phase p, which is calculated as : n, = o,/ <V}, > where < V,, > represents the
averaged particle volume. < F,_,, > is the force exerted by the gas on one particle. According to [24], these forces are
approximated as the sum of the Archimedes force, < V), > 8ng, and, the drag force, < Fg" Sp > that can be modelled
by Equation 17, considering Aug, = ug — u,.

Finally,
Isp =np(<FL,, > — <V, > 0P, (16)
<FL,, >=myt, Aug, (17)

where m,, is the particulate phase mass, and 7, is calculated from :

3 A
= JPg | ”ngC

P4py 4 o

where d,, is the p particle diameter and Cj is the drag coefficient, defined as the minimum value between the Wen &
Yu formulation [25] and the Ergun one. [26].

C o, > 0.7
C, = { Wy d (19)

min(Cqwy,Cqrr) Otherwise



With :

4
[1+0.15R [ 017 Re, < 1000

Cawy = e (20)
0.44ocg_ 17 Otherwise
and :
o 7
C =200— + = 21
d.Er Res + 3 ( )
Reg, the solid-phase Reynolds number, is defined as :
A d
Res — agpg” Mgl’” 14 (22)
g
Finally, I, ., is written as :
I sp = —0p0cPy + 0P, T, Autgy (23)

The momentum transfer from the particulate phase to the gas due to drag forces, I, is calculated using Equation:

Y Lo+ Ipsm = —0:04Py = =0, Py + 0y (04, Py) (24)
m=p,q

3.5. Interphase heat transport models

The IT, term in Equation 5 contains conductive and radiative heat transfer term between the two particulate phases.
The contribution of heat transfer by conduction between the gas and particulate phases is calculated using a spherically
integrated form of Fourier’s law :

a5 q = —AgTENuldy (T, = Ty +dy(Ty — Ty)ng] *

where the Nusselt number is defined as follows [27] : Nu = (7 — 100, + 502)(1 4 0.7Re%2,  Pr'/?). Finally, we also
account for the heat transfer related to the mass transfer (for each species i) which is described in [17].

The heat transfer conduction and radiation terms for each phase m = g, p, g are modeled based on Zehner & Bauer
formulation [28] using a unit cell approach, where the total gas conductivity normalized to the particulate phases

(Al+CuO) conductivity ks = A/ A, is defined as:

ks = (1= /T— ) o [(0g = 1+kg") ™" +kyaa] + /T — 0 [@ks+ (1 — @)kc]

ke

(26)
K

kg, is the effective normalized bulk gas conductivty, while & is the effective normalized conductivity of the unit cell
core, that include the particle phase conductivity and the interstitial gas one. kg, kyqq, @, k¢, ks are respectively the
contribution of Smoluchowski effect, radiation, particle flattening and the normalized core bulk conductivity, and the
normalized volume arithmetic averaged conduction of the particles:

As - Zm:p,q y -

ke = 22 = ZmopaZmin
Ae  AgYm=pqhm

27

As Smoluchowski effect is neglected and the particles are assumed to be perfectly spherical, kg and ¢ are set to 1 and
0 respectively. The effective normalized bulk gas conductivity kg, and the effective normalized conductivity of the core
of the unit cell &, are assumed to be the effective normalized conductivity of the gaseous phase and the sum of both
normalized effective conductivities of particulate phase, respectively. The Zehner & Bauer formulation considers a
mono-dispersed particulate phase. To adapt it to the bi-dispersed media, a volume weighted distribution of the heat
flux going through the core of the unit cell is assumed between both particle phases p and g, such as the effective
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normalized conductivity of the phase p is: k), = (apky) /(X —p.q Cm)-

The calculation of the radiative heat flux between the two particulate phases (q;,“iq
contained system, following Equation (28) [29], where 0, A, = 0.25n,, ndlz,, and F),_,, represent the Stefan-Boltzmann
constant, the total surface area of particulate phase p per unit volume, and the view factor, respectively. The view factor
is estimated using Equation (29) as the ratio of the surface area of phase g to the sum of the particulate surface areas.
While the emissivities of the particles, €, and &;, depend on temperature and composition, they are assumed constant
and set to 0.85, which corresponds to the typical range of emissivities for metal oxides.

) assumes a geometrically self-

4 _ 14
rad __ G(TP T‘] ) (28)
9p—q = 1—¢, 1 1—g,
Apep  Aplpog  Aggy
2
L 29)
ngdg +npd;

In the special case where both particulate phases behave as black bodies (€, = &, = 1), Equation (28) simplifies to:

qrad — G(T4 _ T4)17 (30)

P—q P q

3.6. Particle number conservation equation

In addition to the mass, momentum and energy conservation, we consider no agglomeration or break-up of particles.
Therefore, the number of particles in each phase p or g is conserved. From [30], the particle number conservation
equation can be written as:

9/ (PpOpXp) = —Ox(PpOlpttpXp) Gb

where ¥, =< m;l >. All the geometric quantities relative to the particles p such as dp, V), S, etc. are computed
based on x, and p, by assuming that 7d> = 1/p,x, and V, = 1/67d, and S, = 7td,. It has to be noted that there is
no dispersion term as the particle agitation is neglected.

4. Simulation details and Experimental testbed
4.1. Thermophysical and kinetic parameters

All thermodynamical data, for particulate phases (being liquid or solid depending on their temperature) and gaseous
species, come from NIST-JANAF tables [31]. The gas transport properties are computed based on the Lennard-
Jones potential using Cantera [32] considering parameters found in the literature [33, 34]. The vaporization points
of the aluminum metal and copper metal evolves with respect to the pressure follow a Clapeyron law. The three (ko,
E,) couples characterizing the kinetics of CuO decomposition, Al,O5 decomposition and O species diffusion via an
Arrhenius law are (5.97 x 10° kg.m™3s™!, 110 x 10° J.mol~'K~1), (1.52 x 10® kg.m—3s~!, 400 x 103 J.mol'K~1)
and (5.7 x 1072 kg.m3s~!, 110 x 103 J.mol~'K~1), respectively. These values were derived from [35, 36, 37].

4.2. Initial and boundary conditions

In the present work we simulate two sets of experiments, representing respectively semi-open and fully-closed burn
tube. Open boundary means that the gas pressure (F) is set to 0.1 MPa and particle phase velocity is supposed constant
at the boundary (d;u,=0). Closed boundary imposes the gas and particle phases velocity equal to 0 (ug=uy=1,=0).
Although, considering semi-infinite tube (L, >>> flame front width), the right boundary of the tube has no effect on
the propagating front dynamics, it is maintained open.



4.3. Numerical methods or computational scheme

The numerical resolution of the set of conservation equations described above are implemented under a vectorized
form, which facilitates the use of a finite volume method.

9O 4y — / (Fyp +Dy)dA + / S, dV 32)
4 ot A \%4

Qm = OmPmYm

Unm (33)

dm = | €m

where m represent the different phases. F, includes advected terms and pressure terms relative to momentum equa-
tions solved using an AUSM+up numerical scheme [38]. D,, contains both the thermal transport terms (by conduction
and radiation) and mass transport terms (species diffusion) evaluated via the divergence theorem. S, represents inter-
phase exchanges, in which volumetric terms are directly integrated in the volume. The one dimensional system is
homogeneously discretized using Ax = 2 um. And the time step for integrating all terms is dynamically varying dur-
ing the simulation, according to a set of constraints, i.e., mass fraction of species gradients, conduction, frictional
pressure. A CFL stability conditions (0.09 for the gas and 0.3 for the particulate phases) are introduced.

4.4. Thermite samples prepared for model validation

The thermite mixture for each combustion test was formulated individually by combining Al and CuO in nano and/or
micro scale. The nano aluminium (nAl, 80 nm with 68% active content) and micro aluminium (pnAl, 0.8 um with 65%
active content) were purchased from Novacentrix (Texas, USA). A second batch of micro aluminum (5 um with 41%
active content; 10 um with 17% active content) was purchased from US Research Nanomaterials Inc. (Texas, USA).
The active content of each aluminium was obtained by Thermogravimetric analysis under air. The nano CuO (<50
nm, purity > 96%) and micro CuO (<10 um, purity > 98%) powder were purchased from Sigma Aldrich (France).
Mixtures of different thermite materials were prepared using a classic sonication method where aluminum particles
are mixed with CuO, respectively with an equivalence ratio of 1.2 in hexane followed by a 60 minutes sonication. The
thermite powder was then collected and stored under N, after being dried in an oven at 45 °C for 24 hours.

Table 3: Characteristics of thermites used in the quartz tube burner for combustion tests

Thermite sample Mass (mg) of :  Total (ing) density (g.cm’3) TMD %
Fuel Oxidizer

nAl/CuO 115 285 400 0.57 12
1-uAl/CuO 264 631 895 1.04 22
5-uAl/CuO 335 515 850 1.24 27
10-uAl/CuO 608 382 990 1.29 29

4.5. Experimental set up and procedure

Figure 2 shows the experimental setup. The tube used in the experiments has the internal radius equal to 2.5 mm with
a wall thickness of 1.5 mm and total length of 10 cm. The thermite is filled inside the tube up to 3 — 4 cm length.
The mass and packing density values, along with the burn rate, are provided in Table 3. The combustion is initiated
by an igniter containing a 3 mg of energetic ink (Al/CuO/10% PVDF; PVDF: polyvinylidene fluoride) as described
in [39]. The igniter is positioned on the left side of the quartz tube, and ignition is achieved by applying a DC
current pulse with a constant power dissipation of 6 mJ. The igniter ignites at ~ 0.02 ms, the flame generated by the
igniter (Figure S1, Supplementary File) reaches the thermite filled inside the quartz tube at ~ 0.04 ms. A high-speed
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Figure 2: schematic of the combustion set-up.

camera (Phantom VEO710L-18-GB-M, USA) placed at about 1 meter away from the experimental setup, records
the combustion process with a 48000-fps configuration. Three replicates of each combustion tests were conducted at
ambient conditions.

5. Results and discussion
5.1. Experimental results

Figure 3 shows time-captured images of experiments conducted for the thermite samples listed in Table 3. We observe
the system ignition given by the production of bright flames through a violent material ejection for all samples except
for 10-puAl/CuO thermite. The detailed ignition sequence is provided in Supplementary File, Figure S1. Then, the
thermite reaction propagates inside the tube delimited by the brighter section which corresponds to material vaporiza-
tion. A close-up of the flame front can be found in Figure S2 of the Supplementary File. It can be observed that in
the micron-sized powders, the propagation occurs irregularly with jerks due to poor compaction homogeneity as it is
extremely difficult to control the compaction along the entire length of the tube. The burn rates were measured using
software Phantom Camera Control and are summarized in Table 4.

The burn rate of nAl/CuO is so fast that only 5 frames were captured (Figure 3a) for the whole propagation by the
high-speed camera although using the same setting as the other three samples. When the thermite particles change to
micro scale, the burn rate decreases from 660 & 75 m.s~! to 73 4= 15 m.s~! for 1-puAl/CuO indicating the significant
influence of particle size on thermite propagation. Al purity and compaction are equivalent for nAl/CuO and 1p-
Al/CuO. Two possible reasons can be listed here to account for such decay: 1) larger the thermite particles slower
the reaction rate because of the increased diffusion length between the fuel and oxidizer; 2) more severe sintering in
microsized thermites than nanosized ones [40]. Interestingly, when the size of the Al particles reaches 10 um (10-
UAl/CuO, Figure 3d), the flame front becomes less luminous and propagates at a speed of only 10 ¢m.s~! and the
flame stopped two-thirds of the way down the tube. No gas is generated during the combustion. This can be caused
by a lesser content of pure Al (only 17%) in these purchased particles.

After combustion, the walls of the tube are coated with soot (see photos of post-burn tubes in Supplementary File,
Figure S3) corresponding to the vaporized reaction products. Notably, in the case of the 10-pAl/CuO thermite sample,
the unburned powder was pushed forward by the combustion front indicating that there is an over pressure peak in
the flame front. This point will be further discussed in the upcoming section analyzing the combustion front physical
properties.
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dashed red lines provide an approximate representation of the flame front.
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5.2. Numerical results
5.2.1. Model validation

In a first experiment, we replicated the studied experimental cases to validate the model. Specifically, we used open
tubes filled with thermite powders with the characteristics detailed in Table 3 in terms particles’ size, powder density
(ag), Al purity and stoichiometry. Results are reported in Table 4 column 3. We see a relatively good agreement with
experimental results for all thermite samples except for 10-uAl/CuO. This latter discrepancy is attributed to the fact
that the 10-pAl/CuO sample fully burns in the liquid phase, as illustrated in Figure 3d, which means that no or little
gas is released. As our model does not account for direct mass transfer through the particulate phase (throigh liquid
particles in contact), it cannot accuratly simulate this fully-condensed phase combustion scenario. Better agreement
with the results for nano-sized thermite is obtained because the overall combustion process is mostly mediated by the
gas phase, which chemistry is well implemented in our model.

Table 4: Experimental burn rates vs theoretical burn rates

Thermites sample Experimental Theoretical

nAl/CuO 660 + 75 648
1-uAl/CuO 7315 75.6
5-uAl/CuO 12+£5 16
10-pAl/CuO 0.01 + 0.01 8

5.2.2. Numerical analysis of the combustion front

In a second experiment, we conducted a computational analysis of the combustion characteristics and flame propaga-
tion dynamics within glass tubes, closed at the right ends and open on the left sides. The thermite is a micron sized
fuel rich and highly compacted Al/CuO thermite powder, i.e., d, = d,; = 10 um, ¢ = 1.2, o, = 0.5, and Al purity is set
at 80%. Figure 4 shows the thermal profile of the combustion front propagating along the tube (x-axis).
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Figure 4: Snapshots of the gas temperature curves Ty (¢) along the tube axis at different positions x illustrating the propagation of the flame front
(from left to right). The tube is opened at both ends, and reactants size = 10 pm.

The flame temperature peaks at 6000 K at the flame front, where the gas is highly compressed. It rapidly decreases
upstream of the flame front in the unburnt material region (to the right side of the curves), while only slightly dropping
to 4800 K downstream of the flame (to the left side of the curves).

The flame speed (uy) establishes at around 19.7 m.s~ !, calculated as the distance covered by the flame front, 2 cm
chosen between x = 0.3 cm and x = 1.3 cm, divided by the elapsed time.

Figures 5a and 5b show the volume fraction, temperature, and pressure of each phase. Figure 6 plots the composition
of the gas phase downstream of the flame.
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Three main regions can be distinguished along the propagation axis:

Downstream of the flame front, where combustion has occurred (i.e., the 0-7.5 mm region in Figure 5): this hot region
is predominantly composed of gaseous products as ¢, = 0.99, meaning that 99% of the volume is gas at temperatures
exceeding 5000 K. The gas phase is mostly composed of pure copper (55%) and pure aluminum (38%) as we are
in fuel rich conditions. All the oxygen was consumed to oxidize the Al. There is also some aluminum suboxides :
Al,O (2%) and AlO (4%). The remaining particle phase, which constitutes about 1% of the volume, consists of Al,O5
particles. We also find reduced CuO particles covered with 16% of Al,O5. The particles remain at high temperatures,
around 3000 K, suggesting that some alumina droplets are still burning in the gas phase.

The flame zone, approximately 1.5 mm in width (between 0.75 and 0.9 cm in Figure 6), is the hottest region with
the gas temperature reaching 6000 K. Interestingly, the flame front is also characterized by a pressure peak of 4 MPa
associated with the maximum temperature (Figure 5b). In this region, the gas phase is mostly composed of Cu (~
45%), O (~ 16%), AlO (~ 13%) and AlO, (~ 2%). This composition was recorded at one instant and one position of
the flame and can vary as the flame region is not homogeneous.

Region upstream of the flame front characterized by highly packed particles, reaching a compaction of 64% (o, = 0.64,
Figure 5a), which is the maximum possible considering spherical particles. The reaction has not yet ignited but the
particles were compressed as a result of the pressure peak of 4 MPa in the flame zone. Beyond this zone, the thermite
powder remains at its initial condition (compaction of 50%).

5.2.3. Effect of powder characteristics on burn rates

In a last numerical experiment, we study the effect of particles’ size (d), d, considering that d,, = d,;), ¢, @, and Al
purity, on the burn rates.
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Figure 7: Impact of thermite powder characteristics on the burn rate : (a) effect of particle’s size, (b) effect of a, (c) effect of ¢, and (d) effect of
Y4;. The tube is opened at both ends.

The graphs in Figure 7 allow us to assess both the impact of key powder parameters on the burn rate and to explore
its variability range. Particle size exerts the most significant influence on the combustion rate (Figure 7a). Specifi-
cally, within the micron to sub-micron range, the burn rate increases dramatically, by one orders of magnitude, from
approximately 0.9 m.s~! to over 20 m.s~!, for particles sizes decreasing from 100 um to 1 um respectively. Powder
density is another highly influential parameter, especially in the mid-range (Figure 7b), where flame speed decreases
from 33 m.s~! at low compaction (0 = 0.2) to just 10 m.s~! at higher compaction levels (o = 0.6). Outside of these
limits, flame propagation slows down and ceases. The purity of the aluminum particles also plays a significant role.
For micron-sized particles, where purity can be adjusted across a wider range (Figure 7c, 10 um Al particles), burn
rates can vary from a few cm.s~! at low purity to up to 20 m.s~! with 80% pure aluminum particles. Finally, it is
worth noting that stoichiometry has little effect on the burn rate when combustion occurs in ambient air (Figure 7d).

6. Conclusion

The first 1D Al/CuO thermite flame propagation model incorporating all known and documented mechanisms involved
in the Al+CuO reaction has been presented. Separate mass, momentum and energy transport equations for the three
phases, namely Al, CuO particles and gas phases, were implemented in the frame of an Euler-Euler approach for
multiphase reactive flows. This tool has been validated through experiments on micro- and nano-scaled thermite. We
demonstrated that it is accurate and well-calibrated for thermite burning in a heterogeneous regime, specifically when
a large quantity of gas is produced. In that case, it enables not only an unprecedented analysis of the physics driving
flame self-propagation in thermites, but also to predict average burn rate as a function of thermite parameters (reactant
size, compaction rate and stoichiometry) which constitutes a notable progress in the field of thermite materials.
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