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Abstract. The ignition and combustion of single particles of crystalline boron continue to
produce major scientific interest due to the particularities of the process and diversity of
potential applications of boron compounds. The full valorization of boron energetic
potential is a very current scientific challenge. The objective of the paper is to systematize
the methodology for evaluating the kinetic parameters of boron ignition and combustion
reactions in various oxidizing gaseous environments. Experimental dependencies between
the ignition temperature and the particle size, as well as the combustion time as a function
of oxidizing temperature are used for the calculation of the kinetic constants. As a main
result, the kinetic parameters of the ignition and combustion reactions of boron in oxygen
and water vapor are calculated.
Keywords: boron, thermodynamics, reaction, oxidation, heterogeneous, calculation, parameter,
experiment.
Introduction
Initially approached by Wilhelm Nusselt, the issue of ignition and combustion of the
solid particle still requires major attention. Despite an impressive amount of relevant
information on this topic and the formulation of remarkable theoretical generalizations,
currently there is no irrevocable analytical theory, which considers the complexity of physicochemical phenomena specific to heterogeneous ignition and combustion processes. Usually,
simplified models of chemical processes are applied or the similarity theory is used.
Chemical kinetics, developed from practical needs to clarify the picture of chemical
transformations, especially for the determination of the speed and mechanism of reactions,
contributes decisively to the study of ignition and combustion phenomena. Currently, the
studies of chemical kinetics are combining two complementary directions, both of them
having different paradigms and tasks [1].
The objective of the first direction is to identify the mechanism of the reaction. This
objective is achieved by applying the modern methods of stoichiometry, chemical
thermodynamics, theory of solid mechanics and theory of activated complex. Thus, the kinetic
parameters of the sequence of elementary reactions are calculated theoretically and
measured experimentally. The results are mainly of a qualitative nature. Consequently, the
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intermediates and the sequence of transformation of the reactants into products are
established [1].
The second direction of research is formal kinetics, which is methodologically
analyzed in this paper. It consists in the phenomenological quantitative investigation of
complex reactions, with sufficiently precise determination of kinetic parameters. The
importance of these studies is growing due to the lack of accurate kinetic information needed
in practice for model simulation and process optimization [2, 3].
The processes of ignition and combustion of the boron particle are characterized by a
higher level of complexity than in the case of classical solid fuel particles. The main
particularity is determined by the existence of the surface oxide layer, formed in the latent
phase of the preliminary reaction, which substantially changes the picture of the interaction
[2], [4], [8], [9].
The high calorific value and the distinctive physical-mechanical properties of some
boron compounds are of increased interest, because these substances are less studied for
energetic and technological applications [3, 4, 9, 10].
Until the development of non-isothermal theories in chemical kinetics, the selfheating of the reactant was qualified as an experimental error that deforms the kinetic curves.
The theory of thermal explosion cardinally changed the approach to the problem, confirming
the opportunity of kinetic study in non-isothermal conditions [2, 4].
The essence of this theoretical realization consists in the fact that the models of nonisothermal phenomena quantitatively relate the measurable characteristics of the processes
with the kinetic parameters. If the conditions of chemical transformations are known, the
physical parameters of the system being measured, then by solving the inverse problem the
kinetic parameters of the chemical reaction can be determined: activation energy E, J·mol1
and the pre-exponential coefficient k0, m·s-1 [2, 4, 7].
The defining characteristics are: the value of the oxidant temperature at ignition place
of the sample (Tga,°K), the duration of particle ignition under the respective conditions (tap, s)
and the burning rate of the solid substance (tar, s). A wide variety of methods for calculating
kinetic parameters from experimental ignition and combustion data are currently being
developed and applied.
1. Evaluation of kinetic parameters for the ignition of solid particles
If the solid substance and the high temperature gaseous oxidant (700 - 2000°K) are
separated by an oxide film, usually the speed of the chemical interaction is limited by the
diffusion of the oxidant through the oxide layer to the reaction surface and depends not only
on the temperature and the concentration of the oxidant, but also on the thickness of the
increasing layer [2, 4, 5, 6].
Experimentally, different oxidation laws have been established [83]. The main laws
states that the speed of the reaction Rox (the rate of increase of the oxide layer) decreases
with the increase of the thickness h of the film, inversely proportional to the thickness of the
diffusion barrier raised to the power of n [2, 4]:

Rox = ρ ох ⋅

ν
−
dh Cox
= n ⋅ k 0 ⋅ e RT , mol·m-2·s-1
dt
h
E

(1)

where: ρox is the density of the oxide surface layer (B2O3), mol·m-3;
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Cox - oxidant concentration in the gaseous environment, mol·m-3;
ν - reaction order for the given oxidant;
E - activation energy of the oxidation reaction in the ignition phase, J·mol-1;
k0 - the pre-exponential coefficient of the oxidation reaction, m·s-1.
The exponent n defines the relationship between the reaction rate and the thickness
of the oxide layer, having linear (n = 0), parabolic (n = 1) or cubic (n = 2) dependencies
[2, 4].
Usually n = 0 for porous films or with very low protective properties. The oxidation
process under these conditions coincides with the kinetics of the heterogeneous reaction on
a clean surface. If n = 1, then the reaction rate is determined by the diffusion of the oxidant
in the oxide layer, the dependence between the diffusion coefficient and the temperature
being exponential.
For some substances, including boron, the combination of different oxidation
mechanisms is noticed. In such situations the reaction takes place according to several
mechanisms, each of one being predominant in distinct stages of the process. For example,
if initially, at normal temperatures the oxidation is parabolic (n = 1), later, with the increase
of the temperature due to various causes (polymorphic modification, melting, vaporization of
the film) the reaction speed becomes linear (n = 0), the whole process being defined. as a
paralinear.
For metals that interact with the oxidant according to formula (1), the system of
equations that describes the process of ignition of the particle (neglecting the radiant energy
exchange) has the following general form [4]:
dT p
1
dh λ ⋅ Nu
⋅с m ⋅ρ m ⋅ d p ⋅
= Q ⋅ ρm ⋅
−
⋅ (T p − Tg ) ,
6
dt
dt
dp
E

ν
−
dh Cox
RT
= n ⋅k 0 ⋅e p
dt
h

(2)

t = 0; h = h0; TP = Tpo .
where: cm is the specific calorific value of the metal, J·K-1·kg –1;
ρm - metal density, kg·m–3; dp - particle size, m; Q - thermal effect of the reaction,
J·kg –1;
λ - thermal conductivity of the oxidant, W·m-1·°K-1;
Tp ,Tg – temperature of the particle and oxidizing environment, °K; t - time, s,
Nu - Nusselt number.
The Nusselt number, the ratio between the temperature gradient of the gas oxide at
the surface of single particles and the reference temperature gradient, is determined by the
Ranz-Marshall criterion:
Nu = 2 + Re 0,5 ⋅ Pr 0,33

(3)

where: Re, Pr are the Reynolds and Prandtl numbers under the given experimental conditions.
The Reynolds number characterizes the flow regime of the oxidant around the particle
and represents the ratio between the inertial forces and the viscosity forces. The Prandtl
number characterizes the physical properties of the oxidant and represents the ratio between
the molecular diffusivity of the impulse and the molecular diffusivity of the heat.
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In the case of paralinear ignition reactions for n = 0, ν = 1 and Bi << 1, the ratio between
the system parameters in critical ignition conditions is determined according to the theory of
heterogeneous ignition [48] with the following formula:
E

−
dp
1
E
RT
⋅
⋅ k 0 ⋅ e ga = ,
Q ⋅ ρ m ⋅ сох ⋅
2
λ ⋅ R Nu ⋅ Tga
e

(4)

where: Tga is the temperature of the oxidant in the place of ignition of the solid particle, in
°K;
Bi - Biot number.
When calculating the logarithm for relation (4), we obtain the following formula:
ln(

dp
Nu ⋅ T

2
ga

)=

E
+ ln C1 ,
R ⋅ Tga

(5)

If the experimental dependence Tga= f (dp) is known, the graphical dependence
lg (dp /Nu·Tga2) = F (Tga-1) will result in a line from the slope of which the activation energy can
be determined according to the relation:
E = 2,303·R · |tg α |· r, J·mol-1

(6)

where: R is the universal gas constant, J·mol-1·°K; β - slope angle, degrees; r - the ratio of the
axle scale.
The value of the pre-exponential coefficient k0 will be determined by substituting in
formula (3) the value E.
If radiation heat losses (relatively larger particles) are included in the analysis, then
the thermal balance of the system of equations (2) can be represented as follows:
dT p
1
dh λ ⋅ Nu
⋅с m ⋅ρ m ⋅ d p ⋅
= Q ⋅ ρm ⋅
−
⋅ (T p − Tg ) − ε p ⋅ σ ⋅ (T p4 − T11 ) ,
6
dt
dp
dt

(7)

where: εp is the emission coefficient of the particle surface;
σ - Stefan–Boltzmann constant, W·m-2·°K-4;
T1 - temperature of the inner surface of the combustion chamber,°K.
When taking into account the effect of thermal radiation for paralinear ignition
reactions, the ratio between the parameters in the critical ignition conditions is given by the
following expression:
E

−
dp
E
1
RTga
Q ⋅ ρ m ⋅ сох ⋅
k
e
⋅
⋅
⋅
⋅ e K R ⋅(1−b ) = ,
0
2
e
λ ⋅ R Nu ⋅ Tga

(8)

where: KR is the ratio of heat loss through radiation; b - ratio T14 /Tga4.
When calculating the logarithm for relation (8), we obtain:

dp

E
ln(
)=
2
Nu ⋅ Tga
R ⋅ Tga



ε p ⋅ σ ⋅ Tga3
⋅ 1 + (1 − b) ⋅
⋅d p  + ln C2 ,
λ ⋅ Nu



(9)

If the experimental dependence Tga= f(dp) is known, then as a result of the graph:
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lg(

dp
Nu ⋅ Tga2

) = F (T −1 ⋅ (1 + (1 − b) ⋅

ε p ⋅ σ ⋅ Tga3
⋅ d p )) ,
λ ⋅ Nu

10)

a line will be obtained from the slope of which the activation energy E will be evaluated.
Consequently, from the relation (8) the value of the pre-exponential coefficient ko can be
evaluated.
In particular, the described methodology was used to determine the kinetic constants
of the ignition of single particles of crystalline boron in air and water vapor, respectively, for
the following two complex heterogeneous reactions:
4B + 3O2 = 2B2O3 (E = 133400 J·mol-1; k0 = 1,89·103 m·s-1)

(11)

2B + 3H2O = B2O3 + 3H2 (E = 81900 J·mol-1; k0 = 2,16 ·103 m·s-1)

(12)

2. Evaluation of kinetic parameters for the kinetic regime of combustion for solid
particles.
For the kinetic combustion regime of single particles of crystalline boron the reaction
rate is determined by the following formula:
RB = k ⋅ Cox =

k ⋅ Pох
, mol·m-2·s-1
R ⋅T

(13)

where: Pox is the partial pressure of the oxidant in the gaseous medium, Pa.
If for the stationary combustion process, it is assumed that the density and
temperature of the particle are constant as well as the combustion rate and the partial
pressure of the oxidant, then for the combustion time of the particle can be calculated by the
formula:

ρ
ρm ⋅ R ⋅ T
1
⋅ ∫ m ⋅ d (d p ) =
⋅dp = k ⋅dp, s
tar = −
2 ⋅ M B d p RB
2 ⋅ M B ⋅ k ⋅ Pox
0

(14)

For the kinetic regime the combustion time of the boron particle, measured
experimentally, is proportional to the diameter of the sample.
From relation (14) the following expression is obtained:
k0 ⋅ e

−

E
R⋅T

=

ρm ⋅ R ⋅ T ⋅ dP
2 ⋅ M B ⋅ t ar ⋅ Pox

, m·s-1

(15)

By calculating the logarithm from equation (14), the following formula is obtained:

ln(

d p⋅Tox
t ar ⋅ Pox

)=−

R ⋅ ρm
E
− ln
R ⋅T
2⋅ MB

(16)

If the experimental dependence tar= f (Tox) is known, then following the dependence:

lg(

d p⋅Tox
t ar ⋅ Pox

) = F (Tox−1 )

(17)

a straight line will result, from which the value of the activation energy of the complex
combustion reaction in kinetic regime will be evaluated. Substituting the value E in formula
(15), the value of the pre-exponential coefficient k0 can be calculated.
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For the kinetic combustion domain of the particle, the following constants of
heterogeneous reactions were evaluated:
B + B2O3 = BO + B2O2 (E = 89900 J·mol-1; k0 = 2,38·104 m·s-1)

(18)

B + H2O = BHO + H (E = 62500 J·mol-1; k0 = 2,48·104 m·s-1)

(19)

3. Conclusions
The ignition and combustion of single solid particles as non-isothermal methods of
formal chemical kinetics contributes to obtaining unique information on the kinetics and
thermodynamics of heterogeneous reactions at high temperatures, data that cannot be
obtained otherwise, especially for dispersed systems.
Heterogeneous formal kinetics research is based on relatively simple experiments,
with vast possibilities for varying experimental conditions.
Based on the principles of formal kinetics, which are a component of general methods
of evaluating the kinetic parameters of chemical reactions, particular methods have been
deducted for calculating the kinetic constants of complex reactions of ignition and
combustion of single solid particles for different regimes of chemical reaction of oxidation.
The methodology for evaluating the kinetic parameters of heterogeneous oxidation
reactions involves the use of some experimental data as initial data. The required
experimental data is the following: the ignition temperature depending on the sample size
and the combustion time of the sample depending on the oxidant temperature.
According to the theoretical formulas that describe the burning of single particles of
crystalline boron, the kinetic regime of the interaction corresponds to the experimental
domain in which the burning time of the sample is proportional to its size.
The procedures for evaluating the kinetic parameters of boron combustion,
systematized in the paper, can be used to determine the kinetic vaporization rates of boron
and boric anhydride in an inert atmosphere and the rate of gasification of anhydride in watercontaining combustion products. The experimental parameter which is measured is the
durations of those processes as a dependence of the temperature of the gaseous
environment.
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