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ABSTRACT

A three-dimensional multiphase CFD model using an
Eulerian approach is developed to simulate the process of
pulverized coal injection into a blast furnace. The model
provides the detailed fields of fluid flow velocity,
temperatures, and compositions, as well as coal mass
distributions during the devolatilization and combustion of
the coal. This paper focuses on coal devolatilization and
combustion in the space before entering the raceway of
the blast furnace. Parametric studies have been conducted
to investigate the effect of coal properties and injection
operations.

Keywords: Blast Furnace, CFD, Devolatilization,
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INTRODUCTION

Blast furnace ironmaking is a major process for hot
metal production. In order to reduce the cost of the hot
metal production, since 1990, coal has become the
injectant choice because of its relative abundance and low
cost.

Pulverized coal is injected into the tuyere with the
blast of high temperature and velocity. The extent of
burnout of pulverized coal within the tuyere and within
the raceway determines the temperature in the raceway
and the permeability of raceway boundary. If coal particles
in the combustion zones undergo incomplete combustion,
the unburned or residual char will accumulate in the blast
furnace. The char will be gasified by its reactions with the
slag and/or the carbon dioxide in the gas, and the direct
reduction of FeO. If the accumulation rate of the char in
the furnace is larger than the reduction (or gasification)
rate, the movement of hot blast will be retarded and high
blast pressure issues may occur [1].

Abundant  fundamental studies have been
accomplished for wunderstanding the injected coal

combustion thermodynamically and kinetically. Based on
the achieved thermodynamics and kinetics of coal and
coke combustions, mathematical modeling for detailed
numerical simulations is helpful to aid in evaluating and
predicting the optimum conditions for coal injection [2-9].
Earlier modeling efforts assumed one-dimensional plug
flow for the tuyere and the raceway [4], and thus could not
predict correctly the commencement of coal
devolatilization and combustion of released volatiles.
Two-dimensional models consisting of a coal combustion
model and a coke combustion model in the raceway were
later developed, turbulent features of the gas phase were
either ignored [7] or simulated with a modified turbulence
model [8]. However, two-dimensional models can only be
used in simple geometry conditions. For complex
geometries such as different lance arrangements used to
enhance injected coal combustion in the tuyere-raceway
system, a more practical and realistic three-dimensional
model is required. More recently, commercial software
was utilized to simulate coal devolatilization and
combustion in a combustion chamber (ANSYS-CFX4) [5]
or in a tuyere-raceway system with an assumed raceway
shape (Fluent) [9]. In these simulations, the particle phase
was treated as a dispersed phase using a Lagrangian
method and a stochastic model was used to calculate
particle turbulent dispersion. This method can only be
used to simulate pulverized coal injection with a lower
solid volume fraction, since this approach often ignores
particle-particle interactions and the effect of particle
volume fraction on the gas phase [10]. Recently, a multi-
phase model for turbulent reacting flows was reported [6],
in which both the gas phase and the particle phase were
treated as two interpenetrating continua in an Eulerian
frame of reference.

In this paper, a three-dimensional (3-D) multi-phase
computational fluid dynamics (CFD) model using an
Eulerian approach is developed to simulate pulverized
coal flow, devolatilization as well as combustion in the
tuyere. Effects of particle diameters are investigated.
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MATHEMATICAL MODEL

Governing equations

Gas-phase continuity, momentum, species mass
fraction and energy equations as well as the equations of
the turbulent kinetic energy and its dissipation rate at
steady state can be written in the following generalized
form

div (pug) =div(l’, grad @) +S,+S ,, (1)

where ¢ is the independent variable, 7 is the effective
transport coefficient, S, and Sp, are source terms of the
gas phase itself and the source term due to the presence of
particles, respectively. Detailed information on these
parameters for each equation can be found elsewhere [6,
11].

Coal particle phase governing equations describing
its mass, momentum and energy for steady state flows can
be written in the following generalized form

div (au, @,) =div([, grad S¢, )+ S, )

where k indicates the k-group particle, ¢ is the
independent variable, [/ is the effective transport
coefficient, Spx is the source term including both the
particle phase itself and the source term due to the
interaction with the gas phase. Definition of these
variables for each equation can be found in reference [12].

Turbulence model

The standard k-& model is used for modeling the gas
phase turbulence. The source terms due to the interaction
between the gas phase and the particle phase are Gp and
Gr.

2p
G, = k (C,’j kk, —k) 3)
k Trk
GR =—ankmk (4)
k

where ki is the k-group particle phase turbulent kinetic
energy. When the gas phase turbulent kinetic energy is
larger than that of the particle phase, this term will cause
the reduction of gas phase turbulent kinetic energy. On the
other hand, when the particle phase turbulent kinetic
energy is larger than that of the gas phase, it gives rise to
the production of gas phase turbulent kinetic energy.
Therefore, this term represents the balance mechanism
between the gas phase turbulence and the particle phase
turbulence. Another source term Gy is due to the mass
change in the particle phase.

Drag force between the particle and the gas phase
The particle phase exchanges momentum with the

gas phase through the drag force. The exchange
coefficient can be expressed as

3 u—u, |l-¢ )? pe
m=—%| 1 DL rey )
4 d,

In the above equation, (&, ) accounts for the effect

of the presence of other particles and is a correction to the
Stokes law for free fall of a single particle. The following
equation is used in this work [13, 14]

fle)=0-¢)7* (6)
1)

Gas combustion model

The eddy breakup (EBU) turbulent combustion
model is used to quantify the effect of turbulence on the
combustion rates of volatiles, carbon monoxide and
hydrogen. The reaction rate is determined as:
WS = min(ws,EBU7 Ws,An—)

where
W . =B p%Y,Y ex (—Ef) @)
s Arr T sp F*ox p RT
k M Y{)X
W, ks = CRpEmln(YFs 8 ) (8)

Heat transfer between coal particles and the gas

Heat transfer between a single reacting particle and
the gas phase can be calculated as [12]:

B

= d, Nu A (T T, ) ————
O = Nu A (T =T) o] ©
_ . m Gy (10)
‘ 7d, Nu, A,
Nu, =2+0.5Re"” (i

where the so-called 1/3 Law is used to calculate the
thermal conductivity /| and C, around the coal particles.

Moisture evaporation rate

Assuming that the moisture in a coal particle diffuses
to the surface of coal particle to form a liquid film and this
film is treated as a surface layer of a water droplet with the
same diameter, the moisture evaporation rate is calculated
by a diffusion model [12].

Yoo, Yio.
—@Nukapsh{HMJ T.<T,

_ - H,0.s
Ny = (12)
A C(T-T)
- Ny —1n 1+——+— T =T,
G =L,
Yy =B, exp(-=E, /RT,) (13)
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where y

1.0+, 18 the mass fraction of vapor at the surface of
2075

the coal particles.
DAF coal devolatilization rate

The coal devolatilization rate is proportional to the
mass of the DAF (dry and ash free) coal. The coal
devolatilization is modeled by two simultaneous,
competing, first-order, irreversible reactions [15].

(1-a,)Ch, +a,V, (Reaction 1)

DAF coal )
(I1-a,)Ch, +a,V, (Reaction 2)

The volatile release rate is given by

. E
mw =—0,my B, exp(——2)
k

E, 14)
—a,my B, exp( __RT2 ) (

k

where ¢, is obtained from the volatile matter percentage

in the proximate analysis of coal and &, is equal to 2¢,.
The daf coal mass reduction rate can be obtained by:

. E,
My =—mg B exp( - )
k

(15)

EV
—my B, exp( - RTZ )
k

Once the volatile matters are released in the gas
phase, they undergo homogeneous combustion. In this
work, it is assumed that the volatile consists of
hydrocarbons and carbon monoxide only. The following
three gaseous reactions are considered [16].

Cc,Hb+302=dCO+gH2 (16)
C.H, +(d+%) 0,=dCo0, +%H20 (17)
Cde+#4+b02=dCO+gH20 (18)
2CO+0, — 2CO, (19)
2H, + 0, —» 2H,0 (20)

Char reaction rate

The heterogeneous char reaction rate is assumed to
be of first- order with respect to oxygen, carbon dioxide
and water vapor concentrations.

C+0, - CO, on

2C+0, =»2CO (22)

C+CO0, —2CO o3

C+H,0—-CO+H, 24)

The char reaction rates for the surface reactions (21) to
(24) given in terms of the gas consumption rates can be
written as:

Meck.a = _ﬂdkzpsY(Jz.xBA exp(—% (25)
r;m p=—md pY, B exp(—i) (26)
, kFPsto,sPp RT,
Mo =—7d2p. Yoy By oxp(——<) 27)
: RT,
Mow =—7d2p.Y, . By exp(—-—20) (28)
o RT

k

Table 1 Reaction kinetic constants [6]

Chemical/ B Unit  E (J/mol)
physical process

Moisture evaporation ~ 8.32X 10° 422810
Devolatilization 37x10°  sT' 7366¢10*
(Reaction 1)
Devolatilization 146x10% 571 2511x10°
(Reaction 2)
Char reaction (25) 1.225%10° ms” 9.977x10"
Char reaction (26) 1813x10°  mST 1.089x10°

Char reaction (27,28) 73510~ mS 1.380x10°

The reaction kinetic constants used in this paper are
given in Table 1. Radiative heat transfer is calculated by
the discrete-ordinates model [17].

The SIMPLE algorithm [18] is used to solve the gas
phase equations; a similar procedure is used for the
particle phase, but without the p-v corrections. A Tri-
diagonal matrix algorithm (TDMA) with under-relaxation
factors is applied to solve the finite difference equations.
The convection-diffusion flux is evaluated using an
upwind scheme.

SIMULATION CONDITIONS

Figure 1 shows the geometry. The injection lance is
introduced into the tuyere upstream of the tuyere at an
inclination of 4° to the tuyere central line and to the right
with an angle of 10.8° according to a real PCI system. The
lance has an inner diameter of 0.019m. The calculation
domain is 0.196mx0.196mx0.58m, the mesh system of
60x60x60 is adopted based on rectangular coordinate
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system. The tuyere inner zone is gradually narrowed from
a diameter of 166mm to 150mm in a distance 0.24m. The
inlet conditions used are summarized in Table 2, the blast
is oxygen-enriched with 8 m® oxygen/100 m’ air; the
carrier gas is N, with a solid volume fraction of 10%.
Adiabatic boundary conditions are imposed at the walls.
Coal proximate and ultimate analyses are given in Table 3
and 4, respectively.

PC T
\.4._._0.166m ..................... A_0i5m

0.24 m 034 m

A

Fig. 1 Tuyere pipe inner size

Table 2 Inlet parameters

Blast

Flow rate (kg/s) 3.44
Temperature (K) 1493
Pressure at the tuyere (Pa) 4.613E+5
Coal particle

Flow rate (kg/s) 0.38
Average diameter (lLm) 30, 60, 90
Carrier gas (Ny)

Flow rate (kg/s) 0.014
Temperature (K) 360

Table 3 Coal proximate analysis (wt %, ad)

Fixed Volatile Moisture Ash
carbon matter
56.49 34.32 3.6 5.59

Table 4 Coal ultimate analysis (wt, %)

C H O N S Ash
81.70 5.00 4.90 1.73 0.87 5.80

RESULTS AND DISCUSSION

In this section, simulation results for a particle diameter
of 60 um will be discussed in detail. The effect of particle
diameters on the devolatilization and coal burnout will
also be discussed.

Figure 2 shows the gas temperature distribution and
Fig.3 shows gas velocity distribution. The inclined lance
and coal plume cause the flow field to be asymmetric, and
the higher temperature occurs in the lower half region.
This can be seen more clearly in Figs. 4-7. The oxygen
concentration in the coal plume region is low due to
combustion of volatile and char combustion. An annular
region of high temperature is formed at the plume surface,
where higher oxygen content causes rapid reaction of
volatile matters and release of heat.

300 522 T44 96T 11891411 16331856 2078 2300 [K]

Fig. 2 Gas temperature distribution in a plane across
tuyere centerline (coal particle size 60 pwm)

12 27 41 85 B8 83 97 112 125 140154 168 182 197 211 [m/s]

Fig. 3 Gas velocity distribution in a plane across tuyere
centerline (coal particle size 60 pm)

Scale: = 100 [m/s]

Fig.4 Gas velocity vectors
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Fig. 5 Oxygen mass fraction distribution in a plane across

tuyere centerline (coal particle size 60 {tm) Fig. 8 Particle temperature distribution in a plane across

tuyere centerline (coal particle size 60 (m)

Figure 8 shows the particle temperature distribution.
Compared with Fig. 2, it can be seen that the particle
temperature has a similar distribution and is a little bit
lower than the gas temperature.

1.00
0.95 -
0.90 -+
o 0.85 1
NN =
= 0.80 |
002004005007 008011043015 0160180.20 022 024026027 =
=075 -
Fig. 6 CO mass fraction distribution in a plane across 0.70
tuyere centerline (coal particle size 60 pLm) 0.65 -

0.60

0 01 02 03 04 05 06

Distance along the tuyere central line, m

Fig.9 The relative coal mass distribution along the
tuyere central line.
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Fig. 7 Volatile matter fraction distribution in a plane across
tuyere centerline (coal particle size 60 (m) 0 \ \

0 0.1 02 03 04 05 06
Distance along the tuyere central line, m

Fig. 10 Coal particle temperature distribution along the
tuyere central line.
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Figures 9 and 10 show the pulverized coal mass and
temperature distributions along the tuyere center line,
respectively. My is the coal particle original weight and
M, is the coal particle weight. When the coal is injected
into the tuyere, the particle is heated up by the high
temperature blast, so the moisture vaporizes rapidly. After
particles are heated in a distance about 0.2m, rapid coal
devolatilization occurs; when the particles move toward
the exit of tuyere, the total volatile matter is nearly
completely released and the slow char combustion
commences, so the mass reduction rate slows down.

NN

) 17 ——
=00 ﬁ,}cﬁ“—’:gm—;———:_“: (b)

=

Fig. 11 Volatile matter mass fraction distribution
(a) dp =30 pm (b) dp=60 pum (c) dp=90 um

Figure 11 shows the volatile matter concentration
distribution for three particle diameters of 30 wm, 60 wm
and 90 wm, respectively. For the small particles, the
heating rate is highest, so the volatile matters start to
release at the shortest distance from the injection location.

The figure also shows that, for the particle diameter of 90
wm, the volatile matter distribution exhibits more
asymmetrically because of the higher particle inertia. Due
to the short residence time inside the tuyere and the lower
oxygen concentration in the coal plume region, the
combustion of volatile matter released from coal is not
complete and the concentration of volatile matter at the
exit of tuyere is still high for all the three cases.

The burnout represents the total weight loss of the
coal due to moisture evaporation, volatile release and char
combustion. Here the burnout is defined as:

B=m_,/my;x100% (29)

Where my is the original coal weight and m, is the weight-
loss of coal.

Figure 12 represents the burnout at the exit of the
tuyere. It can be seen clearly that the particle sizes have a
great effect on the burnout; the particles with a smaller
diameter have a higher burnout than the larger one.

52

Burnout, %
N N
» (o]
‘ ‘

~
=
L

42 |
40
dp=30 dp=60 dp=90
Fig. 12 Burnout of pulverized coal
SUMMARY

A three-dimensional mathematical model has been
developed to simulate coal devolatilization and
combustion inside the tuyere. The simulated results show
that volatile matter releases rapidly from the pulverized
coal inside the tuyere; partially volatile matter burns
before exiting the tuyere. The pulverized coal size has an
important effect on the coal burnout. The bigger the coal
particle, the lower the burn-out rate. The lance inclined
angle and the pulverized coal affect the flow field inside
the tuyere. For the same lance angle, the greater the
particles diameter, the more asymmetric the flow field.
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NOMENCLATURE

Cop drag coefficient between gas and one
droplet

particle diameter, m

diffusivity, m*/s

activation energy, J/mol
2

> o oo

gas phase turbulent kinetic energy, m*/s

particle mass change, kg/m’ bed-s

n particle phase number density, 1/m3
pressure, Pa
S gas-phase source term per unit volume,
kg/m3
u velocity, m/s
w reaction rate, kg/s
Y species mass fraction
Greek symbols
£ dissipation rate of gas phase turbulent kinetic
energy, m*/s’
n viscosity, kg/m-s
) independent variable
p density, kg/m’
I effective transport coefficient
Subscripts
g gas phase
k k-group particle phase
p particle
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