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Abstract
In this work, the process of combustion of coal particles under turbulent regime in a high-temperature reaction chamber
is modeled through 3D discrete element method (DEM) simulations. By assuming the occurrence of interfacial transport
phenomena between the gas and solid phases, one investigates the influence of the physicochemical properties of particles
on the rates of heterogeneous chemical reactions, as well as the influence of eddies present in the gas phase on the mass
transport of reactants toward the coal particles surface. Moreover, by considering a simplistic chemical mechanism for the
combustion process, thermochemical and kinetic parameters obtained from the simulations are employed to discuss some
phenomenological aspects of the combustion process. In particular, the observed changes in the mass and volume of coal
particles during the gasification and combustion steps are discussed by emphasizing the changes in the chemical structure
of the coal. In addition to illustrate how DEM simulations can be used in the modeling of consecutive and parallel chemical
reactions, this work also shows how heterogeneous and homogeneous chemical reactions become a source of mass and energy
for the gas phase.

Keywords Discrete element method (DEM) simulations · Combustion · Interfacial transport phenomena · Surface chemical
reactions

1 Introduction

Since the first experimental observations of surface chemical
reactions by the mid-1800s, the study of surface processes
has played an important role in industrial processes and
development of new materials [23]. The synthesis of ammo-
nia, corrosion of metallic devices, crystal growth, and coal
combustion are only a few examples of important chemical
processes that occur on the surface of a solid phase. Such pro-
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cesses differ from the usual homogeneous chemical reactions
as the surface reaction rate depends not only on the frequency
of collisions between atoms or molecules of reactants on the
solid surface, but also on certain properties of the surface,
such as the number of active binding sites, temperature, and
mobility of reactants.

In general, a surface chemical reaction begins with the
mass transport from reactants in the bulk of the fluid phase
onto the surface of a solid (step 1). This step is followed by the
adsorption of reactants onto the solid surface (step 2), where
there occur chemical reactions of the adsorbed reactants (step
3). Finally, this step is succeeded by the desorption of the
reaction products from the surface (step 4) and their diffusion
toward the bulk of the fluid phase (step 5). Collectively, steps
1 and5 correspond to themass transport step,whereas steps 2,
3, and 4 comprise the chemical reaction itself. Therefore, the
overall rate of the surface chemical reaction will be limited
by the slowest step in the mechanism [20].

The rate of certain surface chemical reactions can be
indeed limited by the volume of the pores on the solid sur-
face. This is the case of combustion and gasification reactions
of coal, where the molecules of the reactant should not only
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diffuse onto the coal surface, but also into its porous structure
[24]. Actually, coal is a porous material that contains large
amounts of water stored in its pores. Initially, a substantial
amount of heat is required in the devolatization step to vapor-
ize the water stored in the pores, as well as to produce char, a
solid organic compound largely formed by C(s). Once water
has been vaporized, char reacts with O2(g) to form CO(g) in
the burnout step, according to the reaction,

C (s) + 1/2 O2 (g) → CO (g) . (1)

As char is oxidized by O2(g), it may also react with CO2(g)
and H2O(g), according to the following gasification reac-
tions,

C (s) + CO2 (g) → 2CO (g) , (2)

C (s) + H2O (g) → H2 (g) + CO (g) . (3)

In addition, simultaneously with the burnout and gasification
steps, H2(g) and CO(g) may undergo gas-phase chemical
reactions to produce H2O(g) and CO2(g),

H2 (g) + 1/2 O2 (g) → H2O (g) , (4)

CO (g) + 1/2 O2 (g) (g) → CO2 (g) . (5)

During the above reactions, coal is inevitably consumed,
so that the surface area of the particles and the volume
of pores change during the course of the reactions. Then,
in order to describe the influence of the porous struc-
ture in the kinetics of the reaction, the foundations of the
Langmuir–Hinshelwood model [14] have been systemati-
cally used by numerous researchers to describe the steps
of char burnout and gasification [11]. However, one of the
shortcomings of this approach is that the real char burnout
mechanism is much more complex than that considered in
the Langmuir–Hinshelwood model. Moreover, there are also
strong evidences [20] that the char burnout rate depends on
the surface area of the particles, the coal rank, and the rate of
mass transport of O2(g) into the pores of the coal particles,
which is limited by the characteristic lifetime of the eddies
present in the mixture.

Therefore, since combustion processes correspond to a
set of heterogeneous and homogeneous chemical reactions
whose kinetics is strongly influenced by the physical charac-
teristics of the coal particles and by the transport properties
of the gas phase, a combined chemical and fluid dynam-
ics approach is essential to understand the most elementary
aspects of a combustion process. In view of this, in this
work 3D computational fluid dynamic simulations based on
the discrete element method (DEM) are performed in order
to estimate kinetic and thermochemical parameters for the
combustion of coal in a high-temperature reaction chamber.
By coupling the equations of solid and gas phases through

source terms, the interfacial transport ofmass, linearmomen-
tum, and thermal energy between the coal particles and the
gas phase is investigated during the combustion process.
Although this work only considers the combustion process
of coal, the presented methodology may be applied to other
chemical systems where there exists a sequence of parallel
and competitive reactions occurring under turbulent condi-
tions. The aim of this manuscript is to show how discrete
element method simulations may be used to describe inter-
facial transport phenomena during heterogeneous chemical
reactions.

2 Theoretical framework of the discrete
element method

2.1 Collisionmodel

For gas–solid mixtures where the volume fraction of the
solid phase is larger than 0.004, the number of particles
per unit volume of mixture is so high that the frequency of
collisions between particles becomes relevant for the ther-
modynamic behavior of the system [22]. For this reason,
it is necessary that the contact forces that arise during the
collision between particles are taken into account when one
describes the dynamics of solid–gas mixtures. Once these
contact forces and other forces that act on the particles have
been identified, one may propose a force balance equation
for each solid particle of the mixture, so that the trajectory
of each particle can be predicted by a step-wise integration
of the balance equation over a time interval.

In general, one finds two different collision models in
the literature to describe the interactions and contact forces
between particles of a solid–gas mixture: a model based
on the stochastic approach [19] and a model based on the
deterministic approach [8]. In the stochastic approach, a
probability of collision for eachpair of particles is determined
through a Poisson distribution. If the collision between parti-
cles occurs, the properties of a certain particle are calculated
through the mean values and standard deviations of the prop-
erties of the particle itself and its neighboring particles. On
the other hand, in the deterministic approach, the collision
between particles is determined by solving the equation of
motion for every single particle of the solid–gas mixture.

Since the equations of motion and mass conservation for
every single particle in the solid–gas mixture need to be
solved in the deterministic model, this approach is compu-
tationally more expensive than the stochastic one. However,
the stochastic approach has faced so many problems that its
application has been limited to simpler cases. For example,
one of the limitations of the stochastic approach is that it
can ensure neither the conservation of kinetic energy, nor the
conservation of mass during an elastic collision. Moreover,
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Fig. 1 Collision mesh considered in discrete phase simulations. The
black sphere corresponds to the parcel of interest in a time step. Only
those parcels in the hatched area are taken into account in the calcula-
tions for the contact force. The white spheres represent those parcels
that do not interact with the parcel of interest

it does not offer the possibility of taking into account multi-
ple collisions between particles simultaneously. Therefore, in
view of this, the deterministic approach becomes preferable,
despite the high computational cost.

A way of dealing with the large number of particles in the
deterministic approach is to group the similar particles into
sets called of parcels, which can be defined in terms of the
diameter or mass of particles. Then, the position and velocity
of a particular parcel is determined by the trajectory of a
single representative particle of the parcel. For this purpose,
one assumes that the mass of the representative particle is
equal to the mass of parcel mparcel, and the volume of the
parcel Vparcel is equal to the ratio between mparcel and the
particle mass density ρi .

According to the deterministic approach [9], each particle
in the multiphase system is tested at each time t for possible
collisions with other particles and with walls of the vessel. A
collision will occur if particles move toward each other, and
if the distance between the center-points of two particles is
smaller than the sum of the respective radii. However, for this
purpose, only the closest particles to the investigated particle
will be considered. Particles that are far from the influence
radius of the investigated particle are neglected since the
chance of a possible collision is negligibly small (Fig. 1).
During the collision, particlesmay overlap each other or even
penetrate into the wall, so that the resulting contact force in
this process can be estimated from the Voigt–Kelvin model.

The Voigt–Kelvin model is a mechanical model that
describes how the interactions between particles evolve over
time during a collision [7]. In order to describe the inter-

action between particles, Voigt and Kelvin proposed to
represent the contact force in terms of a spring, dashpot,
and damper connected in parallel. In this model, the spring
describes the perfectly elastic collision, whereas the dash-
pot and the damper elements account for the time-dependent
deformation and the dissipation of energy during an inelas-
tic collision, respectively. Then, basically, the contact force
on a particle i is obtained by adding all its normal Fn

i j and
tangential Ft

i j components [13],

Fc
i =

N∑

j=1

(
Fn
i j + Ft

i j

)
, (6)

where N stands for the number of contacts for the particle i .
Each component of the contact force may be now deter-

mined by considering the elements of a spring-dashpot-
damper system. For example, the normal component of the
contact force between the particles i and j is given by the
summation of elastic and damping forces,

Fn
i j = −kn

(
δn

)a ni j − ηnuni j , (7)

where kn is the normal stiffness constant, ηn denotes the
normal damping coefficient, which depends on the coeffi-
cient of restitution in the normal direction, δn is the normal
displacement defined by δn = ri + r j − ∣∣ri j

∣∣, such that
ri j is the position vector and ri is the radius of a particle,
a is a constant related to a specific spring contact model,
ni j is the normal unit vector, and uni j is the relative veloc-
ity in the normal direction (Fig. 2). Here, the vector ni j is
related to the position vector by ri j = ∣∣ri j

∣∣ni j , whereas uni j
is defined as uni j =

∣∣∣uni j
∣∣∣ni j . In general, for calculations of

Fc
i , the Hookean approach is satisfactory for most applica-

tions. However, for cases where changes in the geometrical
andphysical properties of the collidingparticles are expected,
a nonlinear approach for the normal displacement is recom-
mended. In this case, the shear modulus and the Poisson ratio
should be taken into account in the determination of the nor-
mal stiffness constant.

On the other hand, the tangential component of the con-
tact force is determined on basis of a spring–damper–slider
system. Basically, the tangential component of the contact
force may be either a static force or a sliding force,

Ft
i j =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

−kt
(
δt

)a − ηtuti j︸ ︷︷ ︸
Ft
static

,
∣∣Ft

static

∣∣ ≤
∣∣∣Ft

sliding

∣∣∣

−μ

∣∣∣Fn
i j

∣∣∣ ti j
︸ ︷︷ ︸

Ft
sliding

,
∣∣Ft

static

∣∣ >

∣∣∣Ft
sliding

∣∣∣
(8)

123



582 Computational Particle Mechanics (2018) 5:579–591

Fig. 2 Colliding systems
considered in discrete element
method simulations: (a)
particle–particle collisions and
(b) particle–wall collisions. The
determination of the contact
forces during particle–wall
collisions may be performed in a
similar way as the calculation of
the contact forces during
particle–particle collisions, if
the wall is assumed to be a
particle of infinite radius and the
translational and rotational
velocities are null
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where kt is the tangential stiffness coefficient, ηt is the
tangential damping coefficient, μ is the dynamic friction
coefficient, δt is the tangential penetration depth vector, uti j
is the tangential relative velocity given by uti j =

∣∣∣uti j
∣∣∣ ti j ,

and ti j is the tangential unit vector given by uti j = ti j
∣∣∣uti j

∣∣∣.
Unlike the normal displacement, δt cannot be explicitly cal-
culated from the positions of each particle. However, it can be
estimated by considering the integration of the relative tan-
gential velocity at the contact point between two colliding
particles over the particle time step,

δt =
∫ t

t0

∣∣∣uti j
∣∣∣ dt . (9)

Once the normal and tangential components of the contact
force have been calculated, one may determine the moment
of the contact force. The moment of the contact force on the
particle i is given by

M i =
N∑

j=1

ri Ft
i j × ni j , (10)

which depends only on the tangential component of the con-
tact force Ft

i j . While the tangential component of the contact
force is responsible for inducing a rotational motion in the
particle, the normal component of the contact force describes
the rolling resistance between the colliding particles. For
rigid particles whose contact is restricted to a point and for
colliding particles whose penetration depth is small, the nor-
mal component of the contact force may be neglected.

2.2 Balance of force on the particles

One of the main characteristics of the discrete element
method simulations is that the trajectories of particles can be

determined throughout a process, as long as one knows the
forces and moments of force that act on the particles. Basi-
cally, the translational motion of a particle can be determined
from Newton’s second law of motion, whereas the rotational
motion can be estimated from the balance of angularmomen-
tum of the particle [1,10]. For the translational motion, one
writes

mi
dvi
dt

= Fv
i + F f

i + Fc
i + Fa

i , (11)

where mi is the mass of a particle i, vi is its translational
velocity, Fv

i represents the body force that acts on the parti-

cle, F f
i represents the force that appears due to the interaction

between the fluid phase and the particles, Fc
i represents the

contact force previously discussed, and Fa
i represents the

adhesive force.
The body force Fv

i includes those forces imposed by
sources outside the system, such as the gravitational field, and
electromagnetic field. While the body forces act throughout
the body regardless of its velocity, the forces represented by
F f
i are closely related to the relative velocities of the fluid

and solid phases and to the complex structure of the inter-
actions between particles and fluid. In order to describe the
forces F f

i , one assumes that the net motion of a particle in
a fluid is given by a combination of independent motions,
namely: (a) the particle moves in an isotropic flow field with
a constant velocity, (b) the particle accelerates in an isotropic
flow field, (c) the particle moves in an anisotropic flow field
with a constant velocity, and (d) the particle rotates in an
isotropic flow field with a constant angular velocity.

Each of the motions above described is responsible for a
different force acting on the particle. For example, the force
resulting from the motion (a) corresponds to a resistance
force, also known as drag force, which arises from an unbal-
anced pressure distribution on the particle surface. The force
that emerges from the motion (b) is also a resistance force.
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Whenever a particle accelerates in a fluid, the fluid surround-
ing the particle accelerates, so that its volume is changed
too. This motion creates additional resistance forces that are
referred to as virtual mass force and Basset force. In addi-
tion to these resistance forces, a particle can also be under
the influence of forces that stem from gradients present in an
anisotropic fluid, such as in the motion (c). This is the case
of the pressure gradient force, Saffman force, thermophoretic
force, to name only a few examples. In turn, the rotational
motion (d) is related to the Magnus effect that a spinning
particle can experience, whenever an irregular pressure dis-
tribution is formed on the particle surface.

Finally, the translational motion of a particle can be
changed by short-range forces that act between particles,
which are represented by the contact forces and the adhe-
sive forces. Likewise the contact forces, the adhesive forces
strongly depend on the particle diameter, particle density,
and some physicochemical properties. However, they tend
to become more relevant as the particle diameter decreases.
This is the case of the van der Waals forces, ion-induced
dipole forces, and ion-dipole forces, which are responsible
for determining interactions between molecules, atoms or
ions. For dispersions whose particles present diameter larger
than 1.0µm, adhesive forces can be neglected.

The description of the rotational motion of particles in a
fluid is straightforward, if one supposes that the penetration
depth observed during a collision between spherical particles
is very small. In this case, the rotational motion is only due to
the moment of the tangential contact force, and the balance
of angular momentum is given by

Ii
dwi

dt
=

N∑

j=1

ri Ft
i j × ni j , (12)

where Ii is themoment of inertia, andwi is the angular veloc-
ity of the particle i .

2.3 Mass and energy transfers between the fluid and
solid phases

Changes in the mass, linear momentum, and thermal energy
of the particles are somehow related to changes in the prop-
erties of the fluid phase. A chemical reaction may occur on
the surface of particles, so that gases are released to the
fluid phase and, consequently, the mass of the fluid phase
increases. Similarly, a particle may accelerate in a solid–gas
mixture, leading to the acceleration of the fluid surrounding
the particles. These examples describe only a few phenom-
ena in which quantities of the particulate phase are coupled
to parameters of the fluid phase in a multiphase system.

As a matter of fact, by postulating balances of mass and
thermal energy for each solid particle of the mixture, one

may follow the changes in the mass and thermal energy of a
particle while it performs a certain motion. However, since
changes in the mass, linear momentum, and thermal energy
of a particle are related to changes in the dynamics of the
gas phase, one should also consider the balances of mass,
linear momentum, and energy of the gas phase. For this pur-
pose, one regards the fluid phase as a continuous body whose
dynamics is given by the usual balance equations of contin-
uum mechanics [21],

Balance of mass

ρ f
∂α f

∂t
+ ρ f div

(
α f v f

) − λ f − a f sc f = 0, (13)

Balance of linear momentum

ρ f
∂α f v f

∂t
+ ρ f div

(
α f v f ⊗ v f

) − div
(
T f

) − ρ f α f g

−β f s

[
n∑

i=1

(
vi − v f

)
]

+ a f sc f v f = 0, (14)

Balance of enthalpy

ρ f
∂α f γ f

∂t
+ ρ f div

(
α f γ f v f + h f

) − T f · ∇v f

− ρ f α f r − a f sq f − a f sc f γ f = 0, (15)

where ρ f is the fluid mass density, α f and αs , respectively,
are the fluid volume fraction and the solid volume fraction,
such that α f + αs = 1, v f is the partial velocity of the fluid
phase, λ f is the mass source associated with a homogeneous
chemical reaction, a f s is the particle–fluid interfacial area
per unit volume of mixture, c f is the interfacial mass transfer
rate, T f is the stress tensor, g is the gravitational field, β f s

is the interaction momentum transfer coefficient, which may
be defined in terms of the drag coefficient, particle Reynolds
number, particle diameter, and fluid dynamic viscosity, n is
the number of particles per unit mixture volume, γ f is the
enthalpy density of the fluid phase, h f is the heat flux, r is
the enthalpy source density, and q f is the interfacial enthalpy
transfer rate.

Clearly, some quantities that appear in the above balance
equations depend on the characteristics of the fluid and how
the fluid phase interacts with the solid phase. Such proper-
ties are called constitutive properties and they are given by
specific material laws that characterize the thermomechan-
ical responses of a particular system. While postulation of
constitutive laws for the interfacial area, stress tensor, drag
coefficient and heat flux is straightforward, postulation of
constitutive laws for the interfacial mass transfer rate and
interfacial enthalpy transfer rate is troublesome. The main
reason for this is due to the fact that one should specify consti-
tutive laws for interfacial transfers based on physicochemical
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parameters whose values usually are not available, as well as
on chemical mechanisms that are not always well-known.

In order tomake the postulation of constitutive laws easier
for the interfacial mass transfer rate, one initially regards the
combustion process as a sequence of reactions that consist of
the devolatization step, reactions on the surface particle, and
homogeneous reactions in the fluid phase [4]. Moreover, one
assumes that all coal particles are composed of a homoge-
neous complex organic material that after the devolatization
step forms char. Equation (16) describes the changes in the
particles mass during the devolatization and burnout steps,

dmi

dt
= − kdev0 fv,0mi,0 −

Nr∑

r=1

Rr ,i

Rr ,i = aiηrαw,i kr ,i

kr ,i = k0r

(
p − kr ,i

D0,r

)lr
, (16)

where kdev0 is a constant rate given by the Arrhenius equation
whose unit is s−1, fv,0 is the initial fraction of volatile species
present in the coal particles,mi,0 is the initial mass of the coal
particles, Nr encompasses all chemical reactions that occur
on the surface of a particle i,Rr ,i is the consumption rate
of combustibles on a particle i whose unit is kg s−1, ai is
the surface area of a particle i, ηr is the effectiveness factor
related to a reaction r , αw,i is the fraction of combustibles
present in the particle i, kr ,i is the reaction rate per unit area of
a particle i whose unit is kgm2s−1, k0r is a reaction constant
given by the Arrhenius equation whose unit is s−1, p is the
hydrostatic pressure shared by all phases in the solid–gas
mixture, D0,r is a parameter that accounts for the diffusion
rate of gaseous reactants into the pores during a reaction r ,
and lr is the apparent order of reaction r .

During the devolatization step, volatile components are
removed from the coal matrix, and the mass of particles is
accordingly changed. The rate with which volatile species
are removed from the coal matrix is given by the first term
on the right-hand side of Eq. (16). Once the volatile species
enter into the fluid phase, the combustible fraction of the coal
is consumed and residual ash accumulates on the particles.
In this case, changes in the particle mass are given by the
second term on the right-hand side of Eq. (16).

The last step of a combustion process is a sequence of
chemical reactions that occur in the gas phase. Unlike the
previous steps, these reactions are homogeneous and, there-
fore, the particle surface plays no role in the kinetics of the
reaction. For the sake of simplicity, one assumes that the
gas phase is actually a mixture of different gaseous chemi-
cal species. Thus, by neglecting the term for heterogeneous
chemical reactions, Eq. (13) takes the form,

∂ρv
f α

v
f

∂t
+ div

(
ρv
f α

v
f v f

)
+ div

(
jvf

)
− λv

f = 0, (17)

where ρv
f is the mass density of a component v in the fluid

phase, αv
f is the volume fraction of a component v, jvf is

the diffusive flux of a component v, and λv
f is the mass

source associated with a homogeneous chemical reaction

for a component v, such that α f =
∑Nv

v=1
αv
f , α f ρ f v f =

∑Nv

v=1
αv
f ρ

v
f v

v
f , λ f =

∑Nv

v=1
λv
f , and Nv accounts for all

chemical species present in the gas phase. Usually, the mass
source for a component v due to a homogeneous reaction is
evaluated by a modified version of the Arrhenius equation,

λv
f =

Nr∑

r=1

kr ,v kr ,v = ArT
b exp

(
− Ea

r

RT

)
, (18)

where Ar is the pre-exponential factor, T is the temperature
on the absolute scale, which is regarded as approximately
equal to the temperature of the fluid phase θ f , b is the
temperature exponent, Ea

r is the activation energy of reaction
r , and R is the molar gas constant. For those reactions that
occur in laminar flow regimes, Eq. (18) provides satisfactory
results. However, when the reacting flow becomes turbulent,
some physical quantities experience spatial and temporal
fluctuations that are not taken into account in Eq. (18). In this
case, the modified version of the Arrhenius equation should
be dropped in favor of a more adequate equation, such as that
provided by the eddy dissipation model .

The eddy dissipation model proposed by Magnussen and
Hjertager [16,17] assumes that the reaction rate is limited by
the turbulent mixing of reactants. In other terms, a chemical
reaction will not occur until the eddies in which the reactants
are found are dissipated and mixing of reactants is allowed.
Since the time necessary for eddy dissipation is determined
by the ratio between the turbulent kinetic energy k and the rate
of dissipation of the turbulent kinetic energy ε, it is natural
that the constant rate of a reaction in a turbulent medium is
defined as,

kr ,v = Av′
r ,vMv

( ε

k

)
ρ f min

⎛

⎜⎝
αRf

v′
r ,RMR

,

B
∑P

p=1
α
p
f

∑Nv

v=1
v′
r ,vMv

⎞

⎟⎠ ,

(19)

whereA and B are empirical parameters, respectively, equal
to 4.0 and 0.5, v′

r ,v is the stoichiometric coefficient of a reac-
tant v in the reaction r , Mv is the molecular weight of the
reactant v, αR

f is the volume fraction of a specific reactant
R, v′

r ,R is the stoichiometric coefficient of reactantR in the
reaction r , MR is the molecular weight of reactant R, and
α
p
f is the volume fraction of a product p in the gas phase.

Likewise, in turbulent flows, the constitutive equation for the
diffusive flux is usually given by

jvf = −
(

ρv
f D

v
m + μt

Sct

)
∇αv

f − Dv
θ f

∇θ f

θ f
, (20)
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Fig. 3 Computational domain
employed in the simulation

where Dv
m is the diffusion coefficient, μt is the turbulent

viscosity, Sct is the turbulent Schmidt number, and Dv
θ f

is
the thermal conductivity coefficient.

While the mass source for homogeneous chemical reac-
tions in the gas phase may be directly obtained from Eq. (19),
the interfacial mass transfer for the gas phase needs to be
obtained from the mass balance of each coal particle of the
mixture. By adding up Eq. (16) over all particles of the mix-
ture, the terms on the right-hand side of the summation result
in the interfacial mass transfer rate for the solid phase cs .
Then, since cs is related to c f by a f scs = −a f sc f , it fol-
lows that the interfacial mass transfer rate for the fluid phase
is

a f sc f =
n∑

i=1

kdev0 fv,0mi,0 +
n∑

i=1

Nr∑

r=1

Rr ,i . (21)

To close the system of equations for the fluid phase, one
should also postulate a constitutive law for the interfacial
enthalpy transfer rate q f . During the devolatization and the
combustion steps, the balance of thermal energy of a particle
i is given by,

mic
dθi
dt

= σai
(
θ f − θi

) − L
dmi

dt
− βHr dmi

dt
, (22)

where c is the specific heat of the coal, θi is the temperature
of a particle i, σ is the convective heat transfer coefficient,
L is the specific latent heat of the coal, β is the fraction
of heat absorbed by the particle itself, and Hr accounts for
the heat released by the coal combustion reaction. Hence, by
adding up Eq. (22) over all particles i , the interfacial enthalpy
transfer rate is given by

a f sq f = −
n∑

i=1

[
σai

(
θ f − θi

) − L
dmi

dt
− βHr dmi

dt

]
.

(23)

In general, the fraction of heat absorbed by a particle depends
on how the combustion step proceeds. If the coal undergoes
an incomplete combustion, β = 1.0 and all heat released
during the char burnout process is absorbed by the particle.
On the other hand, if coal undergoes a complete combustion,
some studies indicated that only 30% of the released heat can
be absorbed by a particle [6].

3 3D discrete element method simulation for
the combustion process

Three-dimensional discrete element method simulations are
performed for the combustion of medium-volatile spherical
coal particles whose diameters change from 70 to 200µm,
according to a Rosin–Rammler distribution with spread
parameter equal to 4.52. For this purpose, one considers that
145 coal particle parcels of diameter of 1.0mm at 300K are
injected at a rate of 0.1 kg s−1 into a chamber of dimensions
10.0m× 1.0m× 1.0m whose walls are initially thermosta-
tized at 1200K. During the combustion process, a mixture of
gaseous species (77%N2(g), 23%O2(g)) at 1500K continu-
ously flows into the chamber through the two inlets under the
turbulent regime (Re ≈ 100000), according to specifications
given in Fig. 3 [2].

In order to simulate the combustion of the coal particles,
Eqs. (13), (14), (15), and (17) are numerically solved together
with the balances of mass (Eq.16), linear momentum
(Eq.11), and energy (Eq.22) of each particle for the variables
v f (x, t) , γ f (x, t) , α f (x, t) ,mi (t) , vi (t) , θi (t), and
αv
f (x, t), by considering the coal properties given in Table 1

and the simplistic chemical mechanism given in Table 2.
During the simulation, the mass density and the specific heat
of the gaseous mixture are, respectively, determined by the
incompressible-ideal-gas law and the mixing law, and the
thermal conductivity and the viscosity of the gas phase are
defined by the ideal-gas mixing law. Moreover, coal parti-
cles are assumed to behave as elastic materials with a normal
stiffness constant of 100Nm−1 and a tangential damping
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Table 1 Physicochemical properties of the coal particles

Physical property Value

Density 1300 kgm−3

Specific heat 1000 J kg−1 K−1

Latent heat 0

Vaporization temperature 400K

Fraction of volatile component 28%

Binary diffusivity 5.0 × 10−4 m−2 s

Swelling coefficient 2

Combustible fraction 64%

Fraction of reaction heat absorbed 30%

Devolatization constant 50 s−1

coefficient equal to 0.5Nm−1. For the sake of simplicity,
coal particles do not undergo rotational motion, and they are
not subject to adhesive forces, such as van der Waals inter-
actions. To complete the formulation of the problem, one
assumes that both solid and liquid phases have zero veloc-
ity in relation to the stationary walls of the vessel (no-slip
condition).

The simulation is performed through the commercial com-
putational fluid dynamic software ANSYS/Fluent 16.2 [3],
by using a coupled scheme and the realizable k−ε turbulence
model (Table 3) [12]. A mesh of 47,685 hexahedral ele-
ments of size length of 6.0 cm is built on a parallelepiped of
10.0m×1.0m×1.0m, according to the mapped face mesh-
ing method. In addition, a second-order upwind scheme is
employed for spatial discretizations of equations of momen-
tum, turbulent kinetic energy, turbulent dissipation rate,
energy and volume fraction of gaseous species. On the other
hand, spatial discretization for gradients and for pressure of

gas phase are based on the least-squares cell method and
PRESTO! method, respectively.

Moreover, since the kinetics of combustion chemical reac-
tions is extremely fast, it is a good approximation to assume
that there is no accumulation of intermediates during the
combustion processes. This means that the rate of consump-
tion of any reaction intermediate is approximately equal to
its rate of formation. Under such circumstances, chemical
species in the gas phase reach quickly steady-state concen-
trations, and the fluid phasemay bemodeled as a steady-state
flow. As a matter of fact, only at the very beginning of
the reaction one observes deviations from the steady-state
approximation. This time interval corresponds to the time
necessary by the gas phase to attain the steady state.

While the concentrations of the gaseous species may be
considered constant during most of the time of the com-
bustion process, the coal particles continue to change their
trajectories due to the interactions with other particles and
collisions with the walls of the vessel. In view of this, tran-
sient discrete element method simulations are coupled to the
steady flow solution, where each particle of the solid–gas
mixture is tracked every time that a particle iteration is per-
formed. For this purpose, one performs 20 particle iterations
for each 40 iterations of the continuous phase, such that the
particle time step size is set equal to 0.5× 10−3 s. Then, cal-
culations proceed until a converged flow solution is obtained.

3.1 Analysis of the discrete elementmethod
simulation

Coal combustion is a complex process involving many par-
allel and consecutive reactions that are mainly governed by
the interfacial transfer rates of mass and heat. Because coal
presents a very complex chemical composition, it is difficult

Table 2 Chemical reactions employed in the simulation [5,15,18]

Reaction Pre-exponential factor Activation energy (kJmol−1)

Volatiles + 7/4 O2 (g) → CO2 (g) + 3/2 H2O (g) 1 2.12 × 1011 Lmol−1 s−1 203

C (s) + 1/2 O2 (g) → CO (g) 2 52 gm−2s−1 61

C (s) + CO2 (g) → 2CO (g) 3 73 gm−2s−1 112

C (s) + H2O (g) → H2 (g) + CO (g) 4 78 gm−2s−1 115

H2 (g) + 1/2 O2 (g) → H2O (g) 5 2.23 × 1012 Lmol−1 s−1 167

CO (g) + 1/2 O2 (g) → CO2 (g) 6 2.75 × 107 Lmol−1 s−1 84

The temperature exponent is assumed to be equal to zero for all chemical reactions

Table 3 Boundary conditions
employed in the simulation

Hydraulic diameter (m) Turbulence intensity (%)

Large air inlet 0.75 10

Small air inlet 0.25 5

Outlet 1.00 5
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Fig. 4 Chemical structure of medium-volatile coal, where R represents
a radical. By depending on the source and the coal rank, the chemical
structure of coal may be different

to establish a simple correlation between thermochemical
parameters and the chemical structure through a traditional
physicochemical model. For this reason, discrete element
method simulations become a very important tool in themod-
eling of combustion chemical reactions since they permit
to estimate thermochemical and kinetic data from physico-
chemical parameters of the chemical species.

In a simplistic view, coal is composed of a mixture of aro-
matic compounds, which are connected by an aliphatic chain
(Fig. 4). When the system reaches high temperatures during
the devolatization step, some chemical bonds in the structure
of the coal start breaking, so that amixture of solid, liquid, and
gaseous substances is formed. Then, as coal is devolatized
at a rate kdev0 , the produced volatile species CO(g), CO2(g),
H2O(g), H2(g) etc. diffuse into the porous structure of coal

causing a swelling of the particles and a slight increase in the
particle diameters (Fig. 5). Simultaneously with the increase
in the diameter, coal particles experience in turn a decrease
in their masses (Fig. 6) due to a conversion of coal into char
(Fig. 7). Finally, in the next step the carbon atoms located
on the char surface are partially oxidized by the molecules
of O2(g), CO2(g), and H2O(g) present in the gas phase to
essentially produce carbon monoxide and hydrogen (reac-
tions 2–4), which, in turn, react with O2(g) to regenerate
CO2(g) and H2O(g), according to reactions 5 and 6.

One can also analyze the kinetics of each chemical step
previously mentioned from discrete element method simu-
lations. Figures 8 and 9, respectively, show the rates for the
volumetric reactions and the changes in the mass fraction
of some chemical species that take part into the combustion
process. Note that the contour graphs for the mass fraction of
hydrogen and the rate of reaction 5 coincide. This indicates
that H2(g) is the limiting reactant in reaction 5, and therefore,
the amount of water formed is limited by the mass of H2(g).
In addition, observe that in Figure 8 the reaction rate of reac-
tion 5 is much smaller than the rate of reaction 6. This result
is an immediate consequence of the high activation energy
for reaction 5.

Figure 9 also provides information about the sequence
of chemical steps that occur during the combustion of coal
particles. As soon as the coal particles enter into the reac-
tion chamber, they undergo the process of devolatization and
gases are released into the gas phase. Such gases will imme-
diately react with oxygen in the first half of the chamber to
produce small amounts of CO2(g) and H2O(g), according to
reaction 1. Just after the devolatization step, the char accumu-
lated on the coal particles is burned out and CO(g) is released

Fig. 5 Changes observed in the
parcel diameter during the first
instants of the devolatization
step
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Fig. 6 Changes observed in the
parcel mass during the first
instants of the process of
combustion

into the atmosphere, according to reactions 2–4. Then, next
CO(g) and H2(g) are respectively oxidized to H2O(g) and
CO2(g) (reactions 5 and 6) and their mass fractions decrease
as H2O(g) and CO2(g) are produced.

All reactions considered in the simulation of the combus-
tion of coal are highly exothermic, so that the conversion of
reactants into products may be favored, whenever the sys-
tem temperature increases. Figure 10 presents the enthalpy
profile in the chamber, where combustion of coal particles
occurs. According to Fig. 10, one verifies that the enthalpy
is larger in the regions where the devolatization rate and char
burnout rate are larger. In addition, one observes that the
change in the system entropy is also larger in the regions
of high burnout rate and high devolatization rate. Therefore,
both enthalpy and entropy contribute to the spontaneity of
the coal combustion under the considered conditions.

4 Concluding remarks

In this work, the combustion of coal particles in a high-
temperature reaction chamber operating in the turbulent

regime is modeled through 3D discrete element method
(DEM) simulations. In order to take into account the interfa-
cial transfers of mass, linear momentum, and thermal energy
between coal particles and the gas mixture during the com-
bustion process, it is assumed that particle dynamics may
influence the flow solution through source terms, which are
defined from the balance equations of each particle of the
mixture. Moreover, by describing the turbulent mixing of
chemical species in the system according to the eddy dissi-
pation model, the influence of eddies present in the gas phase
on the mass transport of reactants toward the coal particle
surface and on the rate of volumetric reactions is considered.

Once material laws have been specified for all constitu-
tive quantities of the solid–gasmixture, the balance equations
for solid and liquid phases are alternately solved for the fields
v f (x, t) , γ f (x, t) , α f (x, t) ,mi (t) , vi (t) , θi (t), and
αv
f (x, t) until a converged solution for each phase is

obtained. Thus, from the obtained values for certain thermo-
chemical and kinetic parameters, phenomenological aspects
of the combustion process are discussed and related to
changes in the chemical structure of the coal.
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Fig. 7 Changes observed in the
char mass fraction of parcels
during the first instants of the
process of combustion. The rate
of conversion of coal into char is
approximately 17%

Fig. 8 Changes in the rates of
the (a) reaction 1, (b) reaction 2,
and (c) reaction 3 during the
combustion process of coal
particles. The contours
correspond to average values
obtained during the simulation
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Fig. 9 Changes in the mass
fractions of the chemical species
during the combustion process
of coal particles. The contours
correspond to average values
obtained during the simulation

Fig. 10 Changes in the (a)
enthalpy, (b) entropy, and (c)
temperature of the system
during the combustion process
of coal particles. The contours
correspond to average values
obtained during the simulation
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Although the results presented in thiswork are only related
to the combustion process of coal particles, the described
methodology may be employed to model other heteroge-
neous catalytic reactions and even a sequence of competitive
and parallel surface chemical reactions. By performing dis-
crete elementmethod simulations for heterogeneous catalytic
reactions, one may follow not only the changes in the physic-
ochemical behavior of the gas phase, but also the dynamics
of each solid particle of the gas–solid mixture. In addition,
the approach employed in this manuscript permits the identi-
fication of how each chemical step of the combustion process
may become a source of mass and energy for the gas phase.
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