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ABSTRACT
A numerical study was conducted based on the discrete
element method (DEM) to analyse the thermodynamic
characteristics and NOx emission of burning chars in a
fluidized bed.
The fluctuations of char particle
temperature were investigated taking into account the
effects of particle-particle heat conduction, particle-gas
heat convection, radiation and combustion. Calculated
results show that the maximum temperature of char
particles is about 50 ± 5°C higher than the average bed
temperature, which is determined by the oxygen
concentration nearby and the heat transfer properties of
their surrounding gas and particles. NO emission is found
to be greatly affected by the temperature of burning char
particles.
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inertia moment of the particle, kgm2
spring constant, N/s
rate constant of reaction (C), m/s
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overall rate constant for reaction (C), m/s
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rate constant for reaction (E), m/s
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distance between two particle centers, m
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molecular weight of N
molecular weight of NO
particle mass (both for char and inert
particles), kg
gas pressure, Pa
particle-particle conduction, J/s

Qcv

particle-gas heat convection, J/s

NOMENCLATURE

Qgen

heat generation of a burning char, J/s

Qrd

particle-bed radiation, J/s

R
RC
RD
RE
r

Tb

universal gas constant
reaction rate of reaction (C), kg/s
reaction rate of reaction (D), kg/s
reaction rate of reaction (E), kg/s
particle radius (both for char and inert
particles), m
particle temperature (both for char and inert
particles), K
average bed temperature, K

Tg

gas temperature, K

T pc

temperature of a char particle, K

T pi

temperature of inert particle, K

ug

gas velocity in a cell, m/s

ux

gas velocity in x direction, m/s

!
dn

diameter of char particle, m
particle diameter (both for char and inert
particles), m
particle displacement in normal direction, m

uy

gas velocity in y direction, m/s

D g1

diffusion coefficient of O2 in air, m2/s

v

Dg 2
!
dt

diffusion coefficient of NO in air, m2/s

!
v"
!
vn
!
vt

particle velocity (both for char and inert
particles), m/s
particle acceleration, m/s2

Apc

particle surface area (both for char and inert
particles), m2
surface area of a char particle, m2

Cd

drag coefficient,

Ci

concentration of gas species i , i is O2, CO2
and NO respectively, kg/m3
concentration of NO in a cell, kg/m3

Ap

C NO
S
C NO

CO

2

Cp

C pg
dc
dp

e
!
Fc
!
Fcn
!
Fct
!
Ff
!
Fg
g

T

concentration of NO near the char surface,
kg/m3
concentration of O2 in a cell, kg/m3
heat capacity of particle (both for char and
inert particle, J/(kJ K)
heat capacity of gas, J/(kJ K)

particle displacement in tangential direction,
m
restitution coefficient,
force acting on a particle by collision to
another particle, N
collision force in normal direction, N

xN
∆x
∆y

collision force in tangential direction, N
force acting on a particle by fluid drag force,
N
force acting on a particle by gravity, N

β
δ
ε

gravity, m/s2
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particle velocity in normal direction, m/s
particle velocity in tangential direction, m/s
mass ratio of nitrogen and oxygen components
in the char particle,
width of a cell, m
height of a cell, m
inter-phase momentum transfer coefficient,
kg/(m3s)
gas layer thickness (0.5 dp ), m
voidage fraction, [-]

η
λg
µ
µf

coefficient of viscous dissipation, [-]
gas conductivity, W/(mK)

ρg
σ
τ
!
ω"

gas density, kg/m3

gas viscosity, Pa.S
friction coefficient, [-]
Stefan-Boltzmann constant
time, s
angular acceleration, 1/s2

INTRODUCTION
Initiated by Avedesian and Davidson (1973) a current
body of research was formed on solid fuel combustion
including some monumental papers, e.g. Ross and
Davidson (1981), La-Nauze and Jung (1983) and Prins
(1986). Through the above work we now understand that
the combustion of solid fuel is greatly influenced by
fluidized bed hydrodynamics via oxygen supply and bed
to fuel heat transfer.
The behavior of burning char particles in a fluidized bed is
one of the main topics in this research field. During the
period of combustion, char particles move from side to
side in a fluidized bed and their temperatures fluctuate due
to the changes of oxygen concentration and char-to-bed
heat transfer. Since the emission of NOx and other toxic
compounds in a fluidized bed depends strongly on such a
combustion process, the current work is of significant
importance.
Nowadays with the rapid development of computer
technology and the numerical tool - the DEM (discrete
element method), a new era of research on gas-solid
heterogeneous reaction systems is about to come. The
DEM simulation provides a new way to analyze the gassolid fluidized bed processes because it can predict
individual particle behavior as well as the local gas flow
information, although there are still some simplifications.
The objective of the present work is to develop a DEM
based model for char combustion and to provide data from
the numerical experiment for microscopic combustion
behavior of char particles.
THEORY
A schematic representation of phenomena is given as: 20
char particles with diameter of 1mm are spread randomly
into a fluidized bed (60mm in width, 120mm in height and
1mm in thickness); the char particles react with their
surrounding gases while heat exchange occurs between
particle-particle, particle-gas and gas-gas; the initial
temperatures of char particles, bed material and fluidizing
gases are 850°C ; the behavior of char combustion in the
initial 4.1s were simulated.

et al. (1993), each collision particle is assumed to have a
normal and tangential springs and dash pots together with
a tangential slider. During a collision the contacting area
and repulsive force change with the displacement of
particles. The calculation of the particle-particle contact
duration and contact area provides the fundamental of
particle-particle heat transfer discussed later in this paper.
The particle motion is dependent on Newton’s second law:
!
!
!
!
m p v" = ∑ F c + F f + Fg

(1)

!
! !
where Fc , F f , and Fg are the forces acting on a particle
caused by collision, fluid drag force and gravity,
!
respectively; m p is the particle mass and v" is the
acceleration of the particle.
!
The particle-particle collision force Fc is based on the soft
sphere approach, which can further be divided into normal
!
!
and tangential components: Fcn and Fct ,
!
!
!
Fcn = −kd n − ηvn
(2)
!
!
!
!
!
Fct = −kd t − ηvt
( Fct < µ f Fcn ) (3)
!
!
!
!
!
v
Fct = − µ f Fcn ⋅ ( !t ) ( Fct ≥ µ f Fcn ) (4)
vt
!
!
where d n and d t are the particle displacements in normal
and tangential directions, respectively; k is the spring
!
!
constant; v n and v t are the particle velocities in normal
and tangential directions; η is the coefficient of viscous
dissipation; µ f is the friction coefficient. Among them,
parameters k , η and µ f have to be chosen. The spring
constant k used in this work is 2.22x105N/m, the friction
coefficient µ f is assumed to be 0.3 and η is determined
by the restitution coefficient e (e=0.9):

η = 2 ln e

mk
π 2 + ln 2 e

(5)

The tangential component of collision force acting on a
!
particle, Fct , causes particle rotation. This rotation
motion can be expressed as:
!
!" rp ∑ Fct
(6)
ω=
I
where I is the inertia moment of a particle, rp is the
!
particle radius and ω" is the angular acceleration.
With respect to the calculation of particle-fluid interaction
!
force, F f , it is similar to the treatment by Mikami et al

The DEM model of char combustion in a fluidized bed
contains three sub-models, one is the hydrodynamics,
another is the combustion/reaction and the third is the heat
and mass transfer.

(1998).

Hydrodynamics

In fluid calculation the Anderson and Jackson(1967)’s
volume averaged Navier-Stokes equations were applied:

The hydrodynamic sub-model consists of two parts:
particle interaction and motion, and fluid motion.

Fluid motion

∂ε
+ ∇ ⋅ (εu g ) = 0
∂τ

Particle-particle interaction and particle motion

The discrete particle method was applied here to calculate
the particle-particle interaction in a fluidized bed. Based
on the “soft sphere” assumption initially proposed by Tsuji
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∂ ( ρ g εu g )
∂τ

+ ∇ ⋅ ( ρ g εu g u g ) = −ε∇p + β ( v − u g ) + ερ g g

(7)

(8)
where g is the gravity, p is the gas pressure, u g is the gas
velocity, v is the particle velocity, β is the inter-phase
momentum transfer coefficient, ε is the voidage fraction
and ρ g is the gas density.
For β , when the void fraction (porosity) ε < 0.8 , it can
be obtained from Ergun equation,

β = 150

ρg
(1 − ε ) 2 µ
ug − v
+ 1.75(1 − ε )
2
ε
dp
dp

(9)

S
RE = k E Ac C NO

where Apc is the surface area of a char particle; CO is the
2

S
concentration of O2 in a cell; C NO
is the NO concentration

near the particle surface; k C is the overall rate constant for
reactions (C); k E is the rate constant of reaction (E); MNO
and MN are the molecular weight of NO and N,
respectively; x N is the mass ratio of nitrogen and oxygen
components in the char particle.
The overall rate constant k C is determined by:

where d p is the particle diameter and µ is the gas

k C = 1 /(1 / kC + d c / ShDg 1 )

viscosity.
When ε ≥ 0.8 , the Wen-Yu (1966)’s correlation was
adopted:
(1 − ε )ε
3
(10)
β = Cd
ρ g u g − v ε − 2.65
dp
4
where the drag coefficient Cd is a function of the particle
Reynolds number,

and, Cd =

ug − v

µ

d pερ g

24
(1 + 0.15Re 0p.687 )
Re p
C d = 0.44

(11)

( Re p < 1000 ) (12)
( Re p ≥ 1000 ) (13)

The hydrodynamic sub-model can provide the average gas
velocity in a cell as well as the location, the velocity and
the contact process of each particle.
Char combustion/reaction

The basic assumptions are as follows:
(a) diameter of char particles keeps constant when
burning within the short period – 4.1s;
(b) CO is generated by the reaction of C and O2 at the
particle surface and then CO is further oxidized rapidly to
CO2 near the particle surface. Hence, the overall reaction
is expressed by C, O2 and CO2;
(c) NOx (NO) emission is simplified to occur at the
particle surface with the consumption of Carbon;
(d) reduction rate of NO is proportional to the NO
concentration;
(e) each reaction is of first-order.
(f) the char particle consists of C and N with the weight
fraction of N being 2.4%.
Therefore, the main reactions can be expressed as,
C + 1/2O2→CO
CO + 1/2O2 →CO2
C + O2 →CO2
Char-N →NO
NO + Char →N2

(A)
(B)
(C)
(D)
(E)

(18)

Rec = d c u g ρ g / µ

(19)

Scc = µ /( ρ g Dg 1 )

(20)

RC = k C Apc CO

2

diffusion coefficient of O2 in air; k C is the rate constant of
reaction (C); u g is the gas velocity in the cell; µ is the gas
viscosity; ρ g is the gas density.
Among them, the rate constant of reaction (C) k C was
approximated by the rate constant of reaction (A) given by
Field et al.(1967):
k C = 595T pc exp( −149227 / RT pc )

RD = x N RC ⋅ M NO / M N

(15)
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(21)

in which T pc is the temperature of a char particle and R is
the universal constant.
The O2 consumption rate RO2 for a burning char is:
RO 2 = RC (32 / 12)

(22)

The CO2 generation rate RCO2 for a burning char is:
RCO 2 = RC ( 44 / 12)

(23)

The NO accumulating rate RNO for a burning char can be
calculated by:
1
RNO =
(RD / k E − Apc CNO ) (24)
1 / k E + d c / ShDg 2
k E = 1.3 × 105 exp( −34000 / RT pc )

(25)

where CNO is the concentration of NO in the cell; Dg 2 is
the diffusion coefficient of NO in air; kE is the rate
constant of reaction
r
r+δ
lAB
(E), which is similar
to that used by Horio
et al.(1979).
α
βp

(14)

0.33

where dc is the diameter of char particle; Dg 1 is the

where, reaction (C) is the overall reaction of reactions (A)
and (B).
The reaction rates Ri of reactions (C), (D) and (E) are:

(17)

Sh = 2(1 + 0.30 Rec Scc )
0.5

Re p =

(16)

A B
0.4 nm

Figure 1: Assumption of
particle-particle heat transfer
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heat exchangers, the heat transfer of particles may divided
into three parts: particle-gas heat convection Qcv ; particlebed radiation Qrd ; particle-particle conduction Qcd .
Therefore, the heat balance for a char particle at
temperature T pc or an inert particle at temperature T pi can
be written in a general form:
m p C p dTp / dτ = Qgen − (Qcv + Qrd + Qcd )

(26)

where C p is the particle heat capacity; m p is the particle

contacting surface, which is 4 × 10 −10 m ;
(d) the heat transfer through a contacting point (surface) is
based on the heat conduction through the gas interval;
(e) the heat conduction through the gas layer occurs at the
direction parallel to the center line of the relevant two
particles;
(f) the heat transfer resistance inside the particle is
neglected.
Accordingly, the particle-particle heat conduction Qcd can
be written:

mass; Qgen is the heat generation of a particle; T p is the
Qcd = − λg

particle temperature.
For the calculation of particle-gas heat convection Qcv ,
Ranz’s (1952) correlation was adopted to determine the
heat transfer coefficient h p :
Qcv = h p Ap (T p − Tg )

(27)

h p = Nu p λg / d p

(28)

Nu p = 2 + 0.6 Re1p/ 2 Pr 1 / 3

(29)

where Ap is the particle surface area; d is the particle
p

diameter; Tg

is the gas temperature;

λg is the gas

conductivity.

4 × 10 −10
α

− λg (Tp ( A) − T p ( B )) ∫

βp

π ( r sin β p ) 2

2πr sin θ
d ( r sin θ )
l AB − 2 r cosθ

( l AB ≤ d p )
(31)

2πr sin θ
Qcd = − λg (T p ( A) − T p ( B )) ∫
d ( r sin θ )
0 l AB − 2 r cos θ
α

( d p ≤ l AB ≤ 1.5d p ) (32)
where r is particle radius; T p ( A) and T p (B ) are the
temperatures of particle A and B, respectively; α is the
angle relevant to the intersection point determined by the
outline of particle A and the gas layer of particle B (cf.
Fig.1); β p is relevant to the overlap of the two particles.
Angle α and β p are given as:

The particle-bed radiation Qrd is given by:
Qrd = σε e Ap (T p4 − Tb4 )

T p ( A) − T p ( B )

α = cos −1 (

(30)

where Tb is the average bed temperature approximated by
averaging the particle temperatures; σ is the StefanBoltzmann constant; ε e is the particle emissivity of
radiation, which was assumed to be 0.85.
With respect to the particle-particle heat conduction Qcd ,
previous researchers usually neglected this part but now
we attempt to take into account this problem by using
DEM model.
The mechanism of particle-particle conduction is shown in
Fig.1. As illustrated, each particle is assumed to be
surrounded by a gas layer with thickness δ of 0.5d p (here
d p = 1mm ). When the distance l AB between particle A
and particle B is greater than 1.5d p , particle-particle heat
conduction is not considered. As the two particles
approach each other and the distance l AB is less than
1.5d p , the particle-particle heat conduction occurs. In this
case, when l AB is greater than d p , the particle-particle
heat transfer is supposed to be heat absorption and release
through the interstitial gas layer; when l AB is less than d p ,
heat conduction through the particle-particle contact point
is taken into account as well as that through the gas layer.
Further assumptions are:
(a) the contacting surface is smooth and perpendicular to
the center line of the relevant contacting particles;
(b) the area of contacting surface is based on the particle
overlap based on DEM model;
(c) there is a minimum gas interval between the
68

l AB2 + r 2 − ( r + δ ) 2
)
2 rl AB

(33)

l AB2 + r 2 − r 2
)
2 rl AB

(34)

β p = cos −1 (

where δ is the thickness of the gas layer and here
δ = 0.5d p .
Heat balance for a fluid cell

Since the thickness of the fluidized bed is equal to the
particle diameter, the fluidizing regime is indeed twodimensional. Hence, the equation of heat balance for a
fluid cell can be written:
∂ (εTg ) ∂ (εu x Tg ) ∂ (εu y Tg ) qcv + qre
+
+
=
(35)
∂τ
∂x
∂y
ρ g C pg
with boundary conditions:
∂Tg
= 0 , (for impermeable bed bottom) (36)
∂x
∂Tg
= 0 , (for impermeable bed side wall) (37)
∂y
where C pg is the heat capacity of gas; qcv is the convection
heat transfer from particles to gases in a cell; qre is the heat
release of burning particles by the consumption of O2 and
the generation of CO2 near the particle surface; Tg is the
gas

temperature;

u x and

u y are

the

gas

velocity

components in the x and y direction, respectively; ε is
the voidage of the cell; ρ g is the gas density; τ is time.
Among them, qcv and qre are:
qcv = ∑ Qcv /( ∆x∆y )

qre = ∑ (T p C pg mCO 2 − Tg C pg mO 2 ) /( ∆x∆y )

(38)

where mCO 2 is the CO2 generation rate of a burning
particle; mO 2 is the O2 consumption rate of a burning
particle; Qcv is the heat convection between a single
particle and the gas (cf. eqn.19); RC is the reaction rate of
(C); Tg and

T p are

the

gas

and

particle

temperature, respectively; ∆x and ∆y are the width and
height of the cell, respectively.
Mass balance for gas species in a cell

The mass balance for gas species i (CO2, O2 and NO) in a
cell is :
∂ (εCi ) ∂(εu x Ci ) ∂ (εu y Ci )
(40)
+
+
= cmi
∂τ
∂x
∂y
with boundary conditions:
∂Ci
= 0 , (for impermeable bed side wall) (41)
∂x
∂Ci
= 0 , (for impermeable bed bottom) (42)
∂y
where C i is the concentration of gas species i in the cell;
cmi is the generation rate of gas species i in the cell:
cmO 2 = − ∑ RO 2 /( ∆x∆y )

cmCO 2 = ∑ RCO 2 /( ∆x∆y )
cm NO = ∑ RNO /( ∆x∆y )

(43)
(45)

COMPUTATION CONDITIONS
The simulated fluidized bed is 60 × 120 mm in width and
height, and 1mm in thickness (cf. Fig.1). The particle
diameter is 1mm; the numbers of char pariticles and inert
particles are 20 and 2000, respectively; the densities of
char and inert particles are 1360 and 2520 kg/m3,
respectively; the initial bed temperature is 8500C; the
fluidization gas is air of 8500C and the fluidizating
velocity is 1.2m/s. For the fluid (gas) calculation, the bed
is covered with square cells; each cell is 6 × 6 mm in
width × height.
The computation was done for 4.7s. At the first 0.6s, the
bed was fluidized to establish a well fluidization
condition. Then, at the moment of 0.6s, 20 particles
among the bed were defined to be char particles and the
behavior of these char particles were investigated based on
the latter 4.1s (from 0.6s – 4.7s).
RESULTS AND DISCUSSION
The calculated snapshots of the fluidization are shown in
Fig.2 as “a”, “b” and “c” corresponding to different

Fig ure 2 :

(b) t = 2. 722 s

( c) t = 4.618 s

Fluidization conditions of the bed
at m ome nts " a" , "b" and "c"

moments, which will be used in the later discussion. In the
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Figure 3 : Fluc tuat ion o f char p art icle temperat ures
illustrated in Fig.4.
c
a
b

(44)

in which RO 2 , RCO 2 and RNO are the generation rates of
gas species O2 , CO2 and NO, respectively.

( a) t =1.432 s

As shown in Fig.3, the maximum temperatures of those
char particles (No.1 – No.4) are 900 ± 5°C which is about
50°C higher than the bed temperature. Since the char
particle is small, the particle temperature changes fiercely
with a frequency of roughly 5-7Hz. To further understand
the fluctuation of char temperature, the gas temperature
and oxygen concentration around the char No.3 are

900
900
char No.3

temperature C

reaction

present simulation, the temperature fluctuations of
particles during the calculated 4.1s are recorded.
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Figure 4: Relationship between char temperature
and gas temperature / Oxygen concentration
It can be seen the gas temperature fluctuates with the
fluctuation of char temperature and the frequency is about
6Hz.
Also in Fig.4, it can be found the char temperature is
deeply affected by the oxygen concentration in gas
surrounding the char particles. At the moments of “a”, “b”
and “c” (“a”, “b” and “c” correspond to the moments in
Fig.2), the high char temperatures link with high oxygen
concentrations (cf. “a”, “c”) whereas the low temperature
links with low oxygen concentration (cf. “b”).
Fig.5 shows the situation of particle-particle contacts
around char No.3 at moments “a”, “b” and “c”. It is
interesting to find that there is only one particle near the
char No.3 at moments “a” and “c” when the char
temperatures are high, whereas there is six inert particles
surrounding it at moment “b” when the char temperature is
low.

bed height (m)

0.014
0.014
0.013
0.013
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0.012
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0.011

892 C

0.010
0.01
0.009
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CONCLUSION
A mathematical model based on the discrete element
method (DEM) has been developed to simulate char
combustion in a fluidized bed. The hydrodynamics and
heat transfer processes during char combustion were
precisely investigated since the parameters of gas were
defined in each small cell while the parameters of particle
were defined individually for each particle.
The
temperature fluctuations of char particles were analyzed as
well as the NO emission in the bed.
The calculated results illustrated that the char temperature
fluctuated at a frequency of 5-7Hz and the maximum char
temperature was 50 ± 5°C higher than the average bed
temperature. This kind of char temperature fluctuation
was deeply affected by the oxygen concentration nearby
and the local particle-bed heat transfer because higher char
temperature linked with higher oxygen concentration and
lower particle-bed heat release.

gas temperature:
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0.018 char temperature:
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Also, the calculated results showed that the NO
concentration was very low in the bed. The low NO
emission was caused by lower temperature of the burning
char particles.

(b) t=2.722s
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(c) t=4.618s
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Figure 5 : Situation of char No.3
at moments "a", "b" and "c"
Fig.6 illustrates the NO and O2 concentration distributions
as well as the gas temperature distribution in the bed at
moment “a”. The NO concentration is extremely low and
its local maximum value is roughly 3.7ppm. This is
because the char temperatures are as low as 850 − 900°C
(cf. Fig. 3) and the weight fraction of char particles in
the whole bed is only 0.45%. The oxygen concentration
shown in Fig.6 is generally higher especially in the bed
center and the bottom area where the local maximum
value of oxygen concentration is almost equal to the inlet
oxygen concentration 0.21. This is also due to the low
concentration of char particles in the bed. The gas

temperature distribution indicates that the local maximum
gas temperature is about 856 − 858°C at moment “a”.
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