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ABSTRACT

The reduction and melting of oxidized iron-scrap briquettes containing coke breeze in a
moving bed reactor has been proposed from the viewpoints of energy saving, recycling and
environmental protection. The aim of this study is to investigate the effect of the briquette on
operation of the reduction-melting furnace. For this purpose, a total mathematical model of
the reduction-melting furnace has been developed based on the rates of briquette reduction
and solid iron carburization and wetted area in a trickle bed.

The numerical simulation of the reduction-melting furnace described three-phase flow
phenomena with chemical reactions and phase changes; specifically, the distributions of
temperature, gas concentration, reduction degree and carburization degree in the furnace were
calculated. The simulation results under different operating conditions showed that stable
operation is obtained with blowing of preheated air at 673K or with 8% oxygen enrichment to

air and with coke ratio fixed at 530 kg/thm.
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1. INTRODUCTION

Briquettes of oxidized iron-scrap containing coke breeze are attracting much attention as
a new raw material for ironmaking. It offers two benefits; enhancing the reduction of iron
oxide and decreasing the melting temperature of burden due to carburization of iron. However,
the effect of the briquette, properties and their performance in a moving coke-bed reactor is
not well understood. This paper, therefore, deals with a mathematical model of a moving bed
reactor for melting scrap, where the effect of the briquette containing coke breeze is assessed.
The briquette and coke are charged into the furnacd-{geee 1), in which three-phase flow
phenomena exists, together with phase changes and several major reactions such as
combustion, reduction and carburization. The briquette moves down slowly, starts melting in
a cohesive zone and trickles in the form of hot metal and molten slag in the lower part of the
furnace. In contrast, cold air blasted throu -
tuyeres flows up through packed materia

For the simulation of this reactor, three ki

parameters must be known; the rates FF)ergglue&ﬂann Coke
reduction and carburization, and wetted ar: Molten iron
These were experimentally evaluated beft Melting

the development of the mathematical mod Drippin o) Tuyere

Numerical simulation was finally carried ot ¥ Hot metal

Hearth o 5 and slag

for analyzing the effect of the briquett Tap hole

containing coke breeze on reduction degi  Figure 1. Schematic diagram of the
and temperature distributions within tr reduction-melting furnace.

reactor.

2. MATHEMATICAL MODEL

2.1 Governing Equations

In order to estimate the effectiveness of different briquettes (e.g. carbon content), a
mathematical model, which simulates all phenomena of heat transfer, fluid flow and chemical
reactions, is developed. The mathematical model consists of equations for conservation of
mass, momentum, thermal energy and rate equations of heat exchange, chemical reactions and
scrap melting. The methodology for mathematical modeling of multiphase flows has been

described in previous papers (Yagi et. al.,, 1992a, 1992b and 1994). Based on these

105



investigations, transport phenomena can be described by the following general equation with
several assumptions, i.e. steady state continuous flow, axisymmetry and no temperature
gradient within packed materials.

0 (&ipUuid;) +la(r8ipivi¢i) :i(ainbi .
ox r or 0% ox

o9, +%§—r(rsif¢i %i)r‘)ﬁtsq,i (1)

The dependent variabli, diffusive

transport Coeff|C|enF¢i and source term Table 1 Dependent variable, diffusive transport
coefficient and source term.

Sy ; are described ifTable 1 The source

) . . [ d)i r¢i S<|>i
term includes interaction forces ar
. . g|1 0 Sy
gravity for momentum transfer, meltin =
_SQJ_Fx,QS_Fng
rate for mass transfer and heat exchan I %] Mg gF’f v
. . g Vg Mg ~ &g —r- Frgs —Fra _89“972
reaction heat and melting heat for therrr ar r
g }‘b }\Jg/Cpg éaglhg\(-rg_-lw—)"'gngk(_AHk)R<+A|_§g
energy transfer.
. . g rn'] png ;VnkRk
Gravitational flow of packed
. . . S 1 O _Rm_ssg
particles was described by the kinema s| h|r/cn YA (- T) + Zna(-AHOR:
model (Nedderman and Tuzun, 1979), o
S|Me| O |-Rn
which the horizontal (radial) velocity is || 1 0 |Ry,
proportional to the vertical velocity | | U | W | —&pg+Fxg—Fxis
\Y
gradient in the horizontal directiol I vi H Fra =Fe —eim le
(V.=-B@u/@n). The value ofB, the _|h |A/Cp 2an(T-DroK

kinematic constant, is an empirical coefficient (is set equal to) 2.5 times the particle diameter.
By substituting this relationship into the continuity equation for packed bed of particles, an

equation is derived which is similar to the diffusion equation for the vertical velocity

component:
ou, 10 ou
s _10(gou) o (2
o X rar(r arj Ru= Sy

Here, Ry is melting rate and is given by the rate of heat transfer to particles at the
melting temperature.

Each conservation equation was discretized over the control volume (Patankar, 1980)
and numerically solved with a convergence criteria of less 0.1 % of fractional residuals under
the boundary conditions. Temperature dependence of all properties such as specific heat was

taken into consideration in the computation.

2.2 Major Reactions
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The various reactions considered int  Table 2 Reactions in the reduction-melting
furnace.

mathematical model are shown Trable 2

Reaction No.

For convenience, iron melting is also show ~compystion[C + 1/2 G = CO 1
though a phase change is not a chemi and C+0=C0o %
, ) gasification |C + CGQ =2CO 3
reaction. The rate of each reaction W ~ icoke |C+HO=CO+H 4
incorporated as follows. CO+12Q=CQO 5
Gaseous [CO+HO=CQ+H,| 6

2.2.1 Reactions of Coke and Gaseous Hz +1/2 @ = H,0 7

_ _ Reduction [Fe,0p,+ x C=nFe
In the reactions of coke combustic + (2x-m) CO + (m-x) CQ| °
and coke gasification, the total reaction rat _Carburizationy 2CO = fare) * CO; o

including chemical reaction and gas laminar film diffusion, were applied (Muchi et. al., 1966,
Field et. al., 1967, Heynert et. al., 1959). Here, the reaction rate of complete combustion of C
and Q was evaluated using the ratio betweer, @ CO (Arthur, 1951).
___a  12pgeg 3)
Kip +hge  Mn
k=1,3,4 n=1,2,3
R,: G,/ C =2500exg- 6240/ T) (4)
In the combustion reaction of CO, the Howard’s equation (1973) was employed.

R =364x 10%%,G, G G exy(- 15106 T) (5)

We assumed that the water gas shift reaction and combustionwénd equilibrium

reactions.

2.2.2 Reactions of Briquette Table 3 Chemical composition of briquettes (mass%).

Two kinds of briquette havinc TEAMEe FBEIEE] O | C | c/o
different amounts of coke breez B1!/70.d 17.1 436 9.4 1.4 7.4 0.60

were used in the numerical simulatic B2|67.0 17.1 423 7.0 13.1 11.2 0.99
C/O: Molar ratio of carbon and ggen

These are described Trable 3.
Reaction rates for the reduction of iron oxide, the gasification of coke and the thermal
decomposition of the binder in the oxidized iron-scrap briquette containing coke breeze were
utilized. The reaction of a single briquette was studied experimentally by measuring changes
of weight and gas volume at fixed temperature in a nitrogen atmosphere (Zhang et. al., 1995).
The result was that reaction of the briquette is coincident with reactions of gasification of coke
by CO, gas and reduction of iron oxide by CO gas. The reduction of iron oxide is in an

equilibrium step and the gasification reaction is a rate-limiting step. It was, therefore,
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concluded that the reduction rate of iron oxide is evaluated from the gasification rate shown
below.
Ry = ksmep iy, (6)

b =1-exp(6.91-0.00568 )
{89.12exp(— 138« 10 /RT) (f, <f,)

For B1 briquette:

3633exy(- 116x 10 /RT) (f, > f.)

For B2 briquette: | =1-exp(8.18 - 0.0061Z5 )

[

{27.94exp(— 123 10 /RT) (f, <f,)

0.214exf 68< 16 /RT) (. > )
2.2.3 Carburization Rate

The carburization rate of solid iron by CO was obtained by thermo-gravimetrical
analysis. The diffusion coefficient of carbon in solid iron was also obtained from the carbon
content distribution in solid iron by EPMA analysis (Zhang et. al., 1997).

The carburization mechanism can be described as a two step process of surface
carburization and diffusion of carbon into solid iron. The surface carburization reaction
proceeds via two elemental reactions, as described below;

CO = QadsirCin Fe)

OdstCO= CQ

Here, dissociation of CO is in equilibrium and elimination of O adsorbed is rate-

determining step. As a result, the reaction rate can be expressed below.

2 ,
Rosks 2P0 " 8cPeo:
Ko pcotac Ko pcotac

(7)

Ko = 5.3410™ exp( 168.810°/RT)
ko = 1.61x10° exp(d 42.1x10%/RT)
ko'= 3.31x10” ®exp(d 41.6<10°/RT)

2.2.4 Iron Melting Rate

The iron melting rate was calculated using equation (8) which was based on the

assumption of the heat transfer being rate-limiting.

Rm = ags hgs (Tg‘Tm)/AHm (8)

The melting point,T, was regarded as the surface melting temperature of iron. It was
measured using a hot-stage microscope.
2.3 Parameter Evaluation

Before carrying out a numerical analysis using the mathematical model, unknown
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parameters, such as contact area, exchange of momentum and heat transfer between

heterogeneous phases, must be formulated.

2.3.1 Contact Area between Heterogeneous Phase

Obviously, liquid generation decreases both voidage and the contact area between gas
and solid in the reduction-melting furnace. We assumed in this mathematical model that the
dynamic hold-up of the liquid was assumed to be volumetric fraction of the liquid.

Equation (9) can be derived when occupied ratios of the three-phase (gas, solid and
liquid) are expressed by their volume fractiprrespectively.

ggteste 1 9)

agl is the contact area between gas and liquid obtained by using Mada’s equation (Mada,
1963), andys the contact area between liquid and solid obtained by using Niu’s equation (Niu
et. al., 1996), which is the equation modified from Onda’s equation (Onda et. al., 4Q65).
the contact area between gas and solid calculated as the difference in surface area of solid and

contact area between liquid and solid. They can be expressed as following equations.

a, = 034Fr, " We,”°/d, (10)
als = %;{O.4(RGS /85)0'218\NGSOO428FI‘ Is_0'0238NC_0'0235} (11)
ags = E\Es/d s Qg (12)

2.3.2 Exchange of the Momentum

The interaction force between gas and solid was evaluated using Ergun’s equation

developed by considering the liquid-gas interaction. It is described by equation (13).

F = {15’3(*19_"’1;‘2‘;3 + L1580, )5, - ) (13)

The interaction force between dripping liquid and rising gas through pore space in the
packed bed was evaluated using Fanning’s equation. This was developed by considering both
the flows of gas and liquid in the packed bed and the contact area between gas and liquid. It is

represented as equation (14).

— gl 3CD pggl
a; +a, 44

_ a,
gl

Vg — ViKY, — W) (14)

The interaction force between liquid and solid in the reduction-melting furnace was
evaluated by the Kozeny-Carman equation developed using the contact area between liquid

and solid. It is given as equation (15).
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- _ 18Qllasasl vARRY
Fls - 3&1—88) (VI Vs) (15)

2.3.3 Heat Transfer

The heat transfer coefficients between gas and solid and between gas and liquid
represented as equation (16, 17) were evaluated using the Ranz-Marshall equation as modified
by Akiyama et. al. (1990). The heat transfer coefficient between liquid and solids was
evaluated by the equation (18), which is for forced convection heat transfer proposed by
Pohlhausen (1921).

hys = (2.0+0.3Reys 2Prg'))y/ds (16)
hy = (2.0+0.3Re, " Prg'"®) A4/d (17)
hs = (0.66Ras"Pr™®) A, /ds (18)

2.4 Experimental Verification

Before numerical simulations of th Temperature (K)
500 1000 1500 2000
moving bed reactor was conducted, t Obs.Gale.—_
— Tenp.
. . T A -— O
mathematical model, together with ra = o co,
@ o —- CO
parameters summarized above we =
. g . 2 1 conditions:
experimentally verified using a laboratory-sce = Blast air
o 208K
combustion furnace of a coke beigure 2~ _ GNn/min
Coke: 100mm
298K

shows the comparison between observed .

Gas composition (%)

calculated distributions of temperature and ¢ Figure 2 Comparison between calculated

composition within the furnace. The goc ad  measured longitudinal
distributions of gas composition and

agreement provides support for the underlyi..y

assumptions made in the model.

3. MATHEMATICAL SIMULATION

F4m

3.1 Simulating Conditions

3.1.1 Size of the Furnace

The reduction-melting furnace was

cylindrical vessel of 1 m inner diameter and 4

Blast CL% .

. . . — > o I F

m effective height. The distance from the tuye =y
level to the molten iron surface was assumed 05m 0

400mm. The tuyere opening was 10 % of t Figure 3 Size and grid arrangement for
reduction-melting furnace.
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cross-sectional area of furnace, with a slit width of 25 mm.
Since the furnace was axisymmetrical, the region for numerical analysis was decided as
the half of the furnace. The flow domain was represented by a 90 by 15 grid, with finer

resolution close to the tuyere.

3.1.2 Boundary Conditions

The boundary conditions are given as follows: no flux condition on center axis, zero
velocity on the bottom of the furnace, slip condition on the wall and free boundary at the top.
For the wall and the bottom of the furnace, the heat loss was also considered.

Regarding the gas phase, the flow rate, the composition and the temperature of the inlet
gas were specified as constant values and the pressure of outlet gas was specified as an
atmosphere at the furnace top. Regarding the solid phase, burden materials are continuously
supplied at the furnace top, and the temperature and the coke ratio were fixed as constant
values. Regarding the liquid phase, it is formed in the melting zone and continuously

discharged from the furnace bottom.

3.1.3 Operating Conditions

properties of charged burden materic paterial | | €P- |Diameter Porosity| Density
(K) | (mm) ()| (kg/n?)

for the numerical simulation ol ™ coke 208 50 0.52 1000
briquette melting process are given Briquette] 298 35 0.48 3280
Table 4.

3.2 Results and Discussion

3.2.1 Reduction Degree of Briquette 4m
Figure 4 shows the distributions of reductio

degree of the briquettes, B1 and B2 under

condition of blowing preheated air at 673}

Significant differences in the results showed that

final reduction degree for the operation with brique

B2 was 30% higher than that with briquette B1. T

high reduction degree of briquette B2 was causec
a high coke breeze content in the briquette. T Figure 4 Computed distributions d

. reduction degree of briquette
clearly demonstrated the enhancement in reduc B1 and briquette B2.
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rate of briquette with increasing carbon content.

3.2.2 Condition in Stable Operation

The briquette reduction-melting process was analyzed numerically by changing the air
preheating temperature (313 ~ 873 K) and oxygen enrichment (0 ~ 14%), when charging
briquette B2 and keeping coke ratio at 530 kg/thm. According to the numerical results, the
briquette was not well melted due to the shortage of high temperature heat in the lower part of
the furnace when the blast is not preheated to over 600K, or the oxygen enrichment is below
6% in the case of an ambient temperature blast.

Figure 5 shows numerical simulations of temperature distributions of gas, solid and
liquid in the reduction-melting furnace when charging briquette B2 and keeping coke ratio
fixed at 530 kg/thm. Case (a) is with air preheated at 673K but no oxygen enrichment, and

Case (b) is with 8% oxygen enrichment to air with out preheating.

600 |

\ ! aon | !
[ 2 \ {4m | e | 220 Jam
! s ‘ ‘ %0'! ‘
‘ ‘ 13 ‘ ‘ 2 ‘ 13
x’L““ 1 . '
AR e
| | 42 | | EP
! s ‘ ‘ ‘ 1400 ‘
. | | | E
11 1400 1
/ 1600‘ 640 /\‘ 60, ‘
e Ll
ﬁ‘ % 10 Az 700 S‘:ﬁi::::: §> 0
| | i ‘ 800 ‘ - sooi
Liquid(K) Solid(K) Gas(K) Liquid(K) Solid(K) Gas(K)
(a) Hot air blast (673K) (b) Oxygen-enriched air blast (8%0.)

Figure 5 Computed isothermal lines of liquid, solid and gas for charging briquette B2.

In case (a), gas temperature rose to 2400K around the tuyere due to coke combustion,
and then decreased to 860K at the outlet of the furnace. The charged briquette was heated up
while descending and a melting zone appeared in the lower part of the furnace. The molten
iron from the melting zone was heated to 1730K by gas and coke. Temperatures of gas and
solid phases showed strong radial distribution in the upper part of the melting zone due to heat
loss from the wall.

In case (b), the gas temperature rose to 2600K around the tuyere. This maximum
temperature was 200K higher than that in case (a), however, the high-temperature region was
narrower. Therefore, the melting zone was no longer horizontal, being higher near the wall

and lower at the center of the furnace. The temperature of molten iron was 30K lower than
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that in case (a), though the gas temperature was higher.

4. CONCLUSION

Oxidized iron-scrap briquettes containing coke breeze were investigated for use as a

new raw material for hot metal production. A total mathematical model of the reduction-

melting furnace has been developed based

on the theory of mass and heat transport

phenomena, and reaction kinetics. The model was experimentally verified by using a

laboratory-scale furnace consisting of a coke bed.

The numerical simulation describes three-phase flow phenomena, with chemical

reactions and phase changes. The distributions of temperature, gas concentration, reduction

degree and carburization degree in the reduction-melting furnace are calculated. The reduction

degree distribution showed that the charging of briquette B2 was better than the charging of

briquette B1. This was due to a higher content of coke breeze in briquette B2 than briquette

B1. Simulation results for different operating conditions showed that stable melting of the

oxidized iron-scrap briquette was been obtained under preheated air blowing at 673K or with

8% oxygen enrichment to air blowing in the case of coke ratio fixed at 530 kg/thm.

NOMENCLATURE
a Area [nf/m>-bed]AH® P
Cp Drag coefficient [-] Pr
C, Specific heald/kg K] R
d Mean particle diameter [m] r
f.  Gasification degree of a briquette [-] Re
£ Volumetric momentum flux [N/f) Re
Fr Froude number<a;G’/pi’g) [-] Rm
F.; Radial interaction force between phases S
andj [N/m’] Sy
Fyj Vertical interaction force between phases
andj [N/m’] T
g Gravitational force [mf3 u
G Mass flow rate [kg/fs] v
AH® Enthalpy transfer [W/ fhbed] v
AHy Enthalpy change [J/ kq] We
h  Enthalpy [J/kg] X
h; Heat transfer coefficient between phaises
and;j [W/m?K]
ke Surface reaction rate constakt-4) [m/s]
ki Mass transfer rate of n component [m/s]
ke Reaction rate constant for reactlofi/s] b
m  Fractional mass [-] bb
M  Molecular weight [kg/kmol] bc
N. Dimensionless surface tension, C
Ne=(1+co9) [] g
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Pressure [Pa]

Prandtl number [-]

Gas constant [J/mol K]

Radial distance [m]

Reynolds number<Gd; /i) [-]

Reaction rate of k-th reaction [kg/$-tred)]
Melting rate [kg/s ribed]

Source term [(kg m/s, J, kg)/ SHmed]
Mass transfer from solid to gas [kg/&-m
bed]

Temperature [K]

Vertical velocity [m/s]

Radial velocity [m/s]

Velocity vector [m/s]

Weber number<G’/apo;) []

Vertical distance [m]

Superscript
Critical

Subscript
Briquette
Binder in briquette
Carbon in briquette
Coke
Gas



Density [kg/n]
Surface tension [N/m]

Dependent variable [(kg m/s, J, kg)/kg]
Diffusive transport coefficient [kg/m s]
e  Volumetric fraction [n¥m’-bed)]

i, Phase n  Distribution ratio of reaction heat [-]
k  Reaction number A Thermal conductivity [W/m K]
| Liquid u  Viscosity [Pa s]
n  Gas species (OQCQ, Hz0, CO, H, Ny v Stoichiometric coefficient [-]
Greek 6  Contacting angle [degree]
p
(¢

= e
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