Modelling of Blast Furnace with Respective Chemical
Reactions in Coke and Ore Burden Layers
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The ironmaking blast furnace (BF) is an efficient chemical reactor for producing liquid iron
from solid iron ore, where the solids of coke and iron ore are charged in alternative layers and
different chemical reactions occur in the two solid layers as they descend. Such respective
reacting burden layers have not been considered explicitly in the previous BF models. In this
article, a mathematical model based on multi-fluid theory is developed for describing the
multiphase reacting flows considering the respective reacting burden layers. Then, this model is
applied to a BF, covering the area from the burden surface at the furnace top to the liquid
surface above the hearth, to describe the inner states of a BF in terms of the multiphase flows,
temperature distribution and reduction process. The results show that some key important
features in the layered burden with respective chemical reactions are captured, including
fluctuating iso-lines in terms of gas flow and thermochemical behaviours; particularly the latter
cannot be well captured in the previous BF models. The temperature difference between
gas—solid phases is found to be larger near the raceway, at the cohesive zone and at the furnace
top, and the thermal reserved zone can be identified near the shaft. Three chemical reserve zones
of hematite, magnetite and wustite can also be observed near the stockline, in the shaft near the
wall and near centre, respectively. Inside each reserve zone, the corresponding ferrous oxides
stay constantly high in alternative layers; the overall performance indicators including gas
utilization efficiency and reduction degree also stay stable in an alternative-layered structure.
This model provides a cost-effective tool to investigate the BF in-furnace process and optimize

BF operation.
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I. INTRODUCTION

As a typical and efficient chemical reactor in the
ironmaking process, a blast furnace (BF) consumes iron
ore, flux and coke to produce liquid iron and slag and
discharges them through tapholes. The solids of coke
and iron ore are charged in alternative layers from the
furnace top. A hot blast is injected through tuyeres at
the lower part of the BF at a relatively high speed of
typically ~ 240 m/s and high temperature of typically
1200 °C, forming a void termed the raceway. Inside the
raceway, reducing gas is produced by the intense
combustion of coke. It then flows upward through gaps
between the descending solid particles or liquid droplets
toward the furnace top.! During this process, mass,
momentum and heat are exchanged among gas, solid
and liquid phases and then different chemical reactions
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occur in different regions; particularly different chemical
reactions occur in different solid layers. For example, in
the shaft of BFs, inside the coke layers, a carbon
solution reaction takes place, while inside iron ore
layers, ferrous oxides reduction happens. Thus, a
layered structure of ore and coke with respective
chemical reactions is an important feature in solid
distributions in terms of the flow, temperature, compo-
nent and performance indicators. The schematic of an
ironmaking BF and respective chemical reactions in
alternative burden layers is shown in Figure 1. The
in-furnace phenomena of BF are thus very complex, and
it is important to understand the internal state and
furnace performance when considering different chem-
ical reactions in alternative layers of iron ore and coke,
respectively.

Many efforts have been made to understand and
optimize the ironmaking BF process, particularly its
internal state, mainly through experimental and math-
ematical approaches. Some researchers dissected
BFs> ® to obtain such in-furnace information. Some
quantity indexes of smelting could be directly measured
or observed, for example, the cohesive zone’s location
and shape and the stagnant region’s presence near the
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Fig. 1—Schematic of an ironmaking BF with key chemical reactions in alternative coke and ore burden layers.

hearth centre. However, this dissection approach is a
large-scale project and thus investment- and labour-con-
suming. Moreover, it is difficult to capture the in-fur-
nace phenomena in an active BF because of the
high-pressure and high-temperature in-furnace condi-
tions. Another important method of BF study is
physical experiments, ranging from the laboratory to
pilot scale. This method could provide measurable and
quantitative information, such as the flow dynamics and
reaction kinetics related to BF operation at the labora-
tory/pilot scale. Nevertheless, the complexity of BFs
involving flow, heat transfer and chemical reactions
poses a practical and theoretical challenge when scaling
up those experiments. Additionally, the experimental
investigations are not cost effective.

Recently, many researchers use mathematical models
to study BF in-furnace phenomena. A mathematical
model can capture the main characteristics inside a BF
and, to some extent, predict some phenomena. More-
over, in most cases, the mathematical model is a
cost-effective and time-efficient method compared with
industry tests and laboratory- and pilot-scale experi-
ments. So far, there are two main approaches to BF
multiphase flow modelling, namely, the continuum- and
discrete-based methods.” Briefly, the former is based
on the Navier—Stokes equation, which considers the
effect of viscosity on fluid dynamics, and the latter
mainly solves Newton’s Second Law for describing
particle translational and rotational movements, respec-
tively. In the continuum-based method, a phase is
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treated as a continuum. It uninterruptedly occupies the
flow domain with no consideration of particle interac-
tions. This method, coupled with various sub-models in
terms of phase momentum transport, heat transfer and
chemical reactions, has been proved to be successful and
effective in the simulation of the in-furnace phenomenon
of a BF. The discrete-based method is more accurate in
the modelling of solid flow since it solves force equations
for every particle simultaneously. However, this method
is constrained by its massive computational demand and
thus cannot be directly used in industrial-scale simula-
tions. To date, the continuum-based approach remains
the dominant method for BF modelling and optimiza-
tion. A two-dimensional (2D) axisymmetric model is
widely used in BF modelling for simplicity and compu-
tational efficiency!’®"?! and is considered adequate to
capture the main features of phenomena inside a BF
such as axisymmetric flow patterns and thermochemical
behaviours, which is actually the case in BF practice
under normal operations. They are mainly used to
investigate BF operations at the furnace top. Some
three-dimensional (3D) BF models have been reported.
They are mainly for investigating BF operations at
tuyeres.'* These BF models are based on a continuum
approach and usually have used a mixture treatment for
solid phase,["%!> 18! where ore and coke are mixed well.
Recently, a la;ered structure treatment has also been
used.[!>19:2124261 gych Jayered treatment of the solid
structure makes the solid distribution calculation and
cohesive zone prediction more realistic. Furthermore,
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the layered burden structure with respective chemical
reactions was considered in a reduction process of iron
ore in a packed bed using the Euler— La%range approach,
the so-called discrete-based method.*! It was observed
that the reaction rate, temperature field and monox-
ide-hydrogen gas concentration were quite different in
the adjacent coke and ore layers, indicating the signif-
icance of the consideration of respective chemical
reactions in a layered burden structure in a reduction
process. However, a layered burden structure with
respect1ve chemical reactions was not well considered
in previous BF modelling papers.”*' % Fu er al.
reported a comprehenswe BF model cons1der1ng dllfer-
ent chemical reactions in different burden layers,!'*! but
the alternative-layered distribution of the gas compo-
nents and three ferrous oxides was not well captured.

In this article, a mathematical model 1s developed
based on the framework of a previous work.!'*?* In this
model, a layered structure of ore and coke layers with
respective chemical reactions in respective layers is
considered explicitly, namely, the reactions related to
three ferrous oxides occur in ore layers and the reactions
related to coke take place in coke layers only. The
typical in-furnace phenomena such as the multiphase
flow, temperature field and species distribution will be
simulated. More importantly, the features related to
respective chemical reactions in respective layers will be
captured. Moreover, BF performance indicators will be
predicted and compared with the measurements such as
the top gas components and utilization efficiency.

II. MODEL DESCRIPTION

The present model is developed based on the frame-
work of a previous work!'>*! and is outline below for
completion. The new developments are also described.
The present model is a 2D axisymmetric model, which

Table 1.

considers gas—solid-liquid flow, heat transfer and chem-
ical reactions. The calculation domain of this model
ranges from the surface of the liquid phase in the hearth
to the stockline level near the furnace throat. Liquid
flow inside the furnace hearth is not considered. Gas
phase is regarded as a compressible Newtonian fluid
with its density solved based on the ideal gas equation.
Solid phases, including both coke and ore, are treated as
incompressible fluids with constant viscosity. The mixed
layers between the coke and ore layers are neglected for
simplicity. In this article, the BF model is treated as a
steady-state model. This is because, in typical BFs, the
velocity of the solid phase is much smaller compared
with gas velocity, and as a result, the residence time of
the solid phase in BFs is much longer than the gas phase
(i.e., the residence time of the solid could be over hours
Wh1le that of gas is only several seconds?*”). Moreover,
blast operations at the lower part of the BF including
the blast rate, temperature and co ]position are usually
stable in normal BF operations.”**” Although coke and
ore are charged periodically from the furnace top, the
productivity of the BF operation is very stable. In
addition, the steady-state model has been widely
adopted in many recent papers on BF mod-
ellmg (12714.19.242261 and has been proved effective in
simulating the internal state of a BF.

A. Governing Equations

The governing equations of this model are listed in
Table I. In this work, gas flow is modelled bP/ the
Navier-Stokes equation. The SIMPLE method®” is
used to acquire the correct velocity and pressure
distribution considering their proven reliability. To be
specific, the gas phase is treated as a mixture of CO,
CO,, H,, HZO and N,. The solid phase, including ore
and coke is modelled usmg the so-called viscous
model.' In this, the solid is regarded as one kind of

Governing Equations of This BF Model

Governing Equations

Description

Mass Conservation

Momentum Conservation—Gas

Momentum Conservation—Solid

Momentum Conservation—Liquid

Heat and Species Conservation

Phase Volume Fraction
Ideal Gas Equation
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Table II. Interaction Forces and Heat Transfer Between Phases
Description Phases Equations
Momentum Transfer gas—solid Fy=—-F=- (ocfpg’ ) + ﬁf)
where op = 1.75(1 — &) /dq. By = 150u,(1 — ag)z/dfss
gas—liquid ng _ _Figd _ (h;ild sld) []50 <rg+h|1) I + 1~75pg‘”g|} ’;_g

solid—liquid

Heat Transfer gas—solid
gas—liquid iron
gas—slag

solid-liquid

Heat Conductivity gas

solid
liquid

Fq= (13560111 ,,ZId +%plﬁ|”l|)ul

hgs = yNuly [ ds, where Nu = 2.0 + 0.6(Pr)*>* (9Re)*?

hg = 4.18 x 10_488%|”g’c%g(glpl|”l|)0'35R6Q0'37(Sc/Pr)“m(Tl 1)
hy_slag = (0.203Reo‘33Pr0'33 + 0.22Re0'8Pr0'4) A /d

hg = 1/(1/hs + 1/hy), where hq 721/Ascpspsu1—u5/ndb,

h = 21/d; -/RegPri / (1.55y/Pri + 3.09,/0.372 = 0.15Pn),

Req = ¢dspilu — us|/p, Pri= cpip /7

Ag = ¢ppDy
o= (1—¢)/[(1/As + 1)) + .4, where i = 2.29 x 107 7d,T?
i] = 0.0158T;

viscous fluid with no diffusion, and then the Navier—
Stokes algorithm can be moderately modified to solve
this flow. Liquid phase is treated as a mixture of slag
and hot metal with average properties such as density
and heat capability, based on their volume fractions.
The force balance model®'*? considering gravity force,
gas—liquid drag force and solid—liquid resistance force is
used in the calculation of liquid flow and the corre-
sponding velocity. Besides, energy and species transport
equations are solved to obtain the temperature and
component distribution of the three phases.

B. Inter-phase Momentum and Heat Transfer
and Chemical Reactions

In this model, inter-phase mass, momentum and heat
transfers are considered either as source or sink terms in
the mass, momentum, and enthalpy balance equations
for each phase. For gas—solid interactions, an Ergun-
type equation®¥ is used to model the pressure drop in
BFs. For gas-liquid and solid-liquid interactions, the
liquid flow model proposed by Wang and Chewm]
adopted. The modified Ranz-Marshell equation®* is
adopted in the calculation of heat transfer between the
gas phase and solid phase. In the solution of heat
transfer among the solid-liquid, gas— liquid iron and
gas—slag phases, the Eckert-Drake equation,? Mack
ey—Warner equatlon[ ' and Maldonado method®” are
used, respectively. The details of those equations includ-
ing the heat conductivity are listed in Table II.

The key chemical reactions considered in this model
include the reduction of ferrous oxides (in the forms of
hematite, magnetite, and wustite) by carbon monoxide
and reduction of these ferrous oxides by hydrogen. One
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interface unreacted shrinking core model is adopted for
simulating these reduction reactions, which consider the
gas film, diffusion and chemical reaction resistances.
This model was proved to be sufficient and effective to
model the reduction reactions of ferrous oxides in a
BF.['3% Also, the water-gas reaction, carbon solution
reaction and direct reduction by carbon are considered.
The detailed reactions and corresponding reaction rates
included in this model are listed in Table III.

C. Cohesive Zone and Stagnant Zone

The cohesive zone is a key region in a BF where the
solid iron ore is converted to liquid iron, and as a result,
inside the cohesive zone, the porosity in the ore layers
will be decreased and the density of softening ferrous
oxides will be increased compared with burden ore
layers. It is usually located between the lower part of the
furnace shaft and the upper part of the furnace belly. In
this region, solid ferrous oxides begin to soften and melt
subject to material properties and thermal conditions.
Usually, for a BF charged with a sinter of ordinary
basicity, this region starts from ~ 1473 K and ends at
~ 1673 K. In this model, the cohesive zone is defined by
solid temperatures between 1473 K and 1673 K, for
example. Several methods were usually used in the
treatment of the cohesive zone 1n Il)rewous BF mathe-
matical models. In some works,!'*!! regardless of the
layered or non-layered structure of the cohesive zone,
the void fraction of the cohesive layer was set as
constant, such as 0.1. Second, the cohesive zone was
treated as an anisotropic non-layered structure in some
works,!'* where coke and ore were treated as a mixture
inside the cohesive zone and different vertical and

VOLUME 49B, OCTOBER 2018—2373



Table III. Key Chemical Reactions Considered in This Model

Chemical Reactions Reaction Rate Refs.
F6203 (s) + CO (& = Fe (s) + COZ () Rt — 273-nd(2,|Aego;r'eN‘,,cp(yco—}7;0)/(22.4Ts) 1,38
U 1k (dore /2)[(1=£) 7P =1] [ D1+ [(0=£) K (141 /K1) ]
273X, Pt Nore (_VHZ Vi, / (22.4Ty)

F€203 (s) + Hz (g) = Fe (s) + HZO (2) R2 = 1/km+(dme/2)[(1—];)71/3—1]/1):-%—[(1—,{#)2/3/(2(14-1/1(2)71] 1,38

_ o 273nd | ok NeokePyio [ (22.4TY)
C + HOy = CO + Hyy Ry =— /kl:3+67(dmkcpmk2cE{wk3) 1,38
CO g + HyO ) = COyp) + Hy(g Ry = k4(V0re/Vt)(1 - 2?'g) (0.052%) (yc"yHlo - ymz[g(zo) !

o o 2737 ook NeokePyeo, [(224T,)
C (s) + C02 (&) — 2CO (2) R5 = 1/klf;+6>(dcokepcokezEf.sk5) 1’38
FeOy + C = Feqy + CO R = ko(Acoke/ Vi) tFe0, WhereAcoke/ Vi = 0.078[6(1 — &5) /(Peokedeoke) ] 1,38

_ . T T\ ' $ OmWipiidd

FeO ) = FeOy) R; = <me.sm—rmm,sm jng,ancen 10
Flux ;) = Slag

horizontal drag resistances were employed. Third, the
cohesive zone was treated with more details as in the
studies!'**”! where the different shrinkage stages of ore
were considered, allowing for varying porosity, heat
conduction and gas—solid heat transfers. In this article,
the similar treatment for the layered cohesive zone is
adopted considering the significant influence of cohesive
zone treatment on BF thermal and chemical efficiency.
Moreover, in this model, the layer thickness variation in
the cohesive zone caused by ore melting is not explicitly
considered for simplification. It is implicitly considered
by means of considering the effects of the shrinkage
index on the calculations of gas flow resistance, heat
exchange between gas and solid materials, and solid heat
conductivity in the region of the cohesive zone; as a
result, for example, the porosity of ore layer will be
reduced in the simulation results. This treatment has
been widely used in many recent papers on BF mod-
elling!"??*%63% and has been proved effective to capture
the flow-thermal state around the cohesive zone. The
detailed treatment of the cohesive zone including three
different shrinkage stages was detailed elsewhere!!>3"!
and is not included here for brevity.

In the stagnant region (deadman) and dripping zone,
it is assumed that only coke exists in solid state. The
coke bed permeability in the dripping zone is set
according to the coke size distribution extracted from
the stockline. However, for the treatment of permeabil-
ity in the stagnant region, a constant coke size (25 mm)
and porosity (0.65) are used. The outer boundary of the
stagnant region is determined using an iso-velocity curve
of coke particles at a critical value—one ninth the
particle diameter per minute.*” Once the boundary is
determined, the coke particles will be set as motionless
inside this region.
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D. Layered Structure of Burden with Respective
Chemical Reactions

Instead of solving solid flow using potential flow
theory as reported in the previous works,">'! in this
work, the solid velocity field and streamline are calcu-
lated based on the viscous model. Then, the timeline can
be solved based on the equations listed below.

At = L [1]

Us

time = ZAli [2]

where L (m) is the distance of two adjacent nodes
along the streamline, u is the particle velocity magni-
tude (m/s), and fyme (S) represents the time needed for
a downward-flowing solid particle to reach a specified
location.

The coke and ore burden descending time through the
stockline could be obtained by the hot metal produc-
tivity and batch weight as follows.

_ 24 x 3.6 Wbatch [3]
Pbe(/lcoke + j-ore + iﬂux)

where Wy, (kg) is the total batch weight of coke,
ore and flux; P and Vi are the productivity (t/m> d)
and furnace volume (m?), respectively. Acoke, Aore and
Aqux are the coke, ore and flux ratio, respectively.

The time needed for coke (Zcoke) and ore (f,.) particles
to pass through the stockline could be solved according
to their volume fractions as follows.

lq
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Tooke = Id X Vfcoke [4]

fore = lg X Vﬂ)l’e [5]

where Vf.oe and Vf,. are the volume fractions of
coke and ore along the radial direction, respectively.
Note that the flux volume is neglected here for simplic-
ity. Assuming the hot meal production rate and charg-
ing pattern are fixed, the descending time for each
batch is constant. Based on the timeline calculation
results, the total number of batches above a specified
position and the determination of coke layers and ore
layers could be achieved using the following expres-
sions for the case of charging ore first.

. 1t t . I
Nbatch _ mt( time + ore) _ 11’1t< t1me> [6]
14 tq

where Ny, 18 the logical variable in the layered struc-
ture determination. When its value is equal to zero,
the layer will be regarded as the coke layer. Otherwise,
it will be ore layer. Each layer then will be set with the
corresponding properties, such as heat capacity and
density, as well as a logical reaction switch. Specifi-
cally, the ore-related reactions such as the hematite
reduction by carbon monoxide and hydrogen are set
to take place in the ferrous oxide layers, while the car-
bon solution reaction happens in the coke layer only.
The reaction of gas—water is treated as taking place in
both the ore and coke layers.

In this model, one interface unreacted shrinking core
model is adopted in the calculation of ferrous oxide
reduction. The reduction of ferrous oxides is considered
a process of oxygen element transfer from iron-bearing
ore to reducing gas. The oxygen element is gradually
captured by, for example, CO and H,. Thus, the molar
ratio of the O to Fe element in ferrous oxides gradually
changes. In this article, the reduction degree is calcu-
lated based on the following expression.

2n
Rore =1 — §n_:e 7]
where np is the residual mole of oxygen element in
ore, and ng. is the total mole of iron element. If the
ore is in the form of hematite only, the reduction
degree is zero; if the ore is magnetite only, the reduc-
tion degree is one ninth, and so on. The reduction
degree changes as ferrous oxide reduction continues.
In this model, the moles of O and Fe clements in
ferrous oxides are calculated in the simulation, and thus
the forms of ferrous oxides in different reduction stages
can be derived based on the O/Fe ratio or oxide
reduction degree. Plus, considering the following molar
balance equation of the O and Fe element, the mass
fraction of different ferrous oxides (hematite, magnetite,
wustite and metal iron) can be achieved.
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Fig. 2—Schematic of the solution procedure of the BF model.

Z Fe; = ng. 8]

Z O; =no [9]

where Fe; and O; are moles of Fe and O of different
ferrous oxides in the respective reduction stage,
respectively.

E. Solution Algorithms and Convergence

The flowchart of the solution procedure is shown in
Figure 2. Variable initialization is carried out first.
Then, some basic calculations, for example reducing
the gas components and their temperatures are solved
based on mass and material balance models. The flow
field will be calculated to provide a relatively good
precondition for the temperature field. When the basic
distributions of multiphase flow and temperature are
achieved, components in the gas and solid phases will be
solved where notably chemical reactions will take place
in their corresponding layers. After this rough
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convergence, the cohesive zone can be determined based
on solid temperature subject to iron ore properties; for
example, in this study 1473 K to 1673 K is used. Then,
another loop considering the existence of cohesive zone
is used to obtain the final converged results. Notably,
coke combustion in the raceway is considered implicitly
through the pre-calculated material balance and energy
balance in this model. These calculations can provide
boundary conditions to the subsequent BF model
including the reducing gas component and temperature.
The raceway is also treated as a solid exit in this model.
This treatment has been commonly adopted in many
published works, [10:12:13:16-19.24.26]

In this BF process model, the position of the cohesive
zone is used as one of convergence criteria, as used in
References 14 and 39. In addition to the cohesive zone
position, the gas utilization ratio of both carbon
monoxide and hydrogen is also used as an additional
convergence criterion. The expression of this criterion is
written as follows.

sqrt 2(;{,»—2){,- n) /n <z [10]

i—n+1 i—n+1

where y; is the gas utilization ratio at the furnace top
for carbon monoxide and hydrogen, respectively; i, n
andz are the array index of the gas utilization ratio,
count number of gas utilization data and convergence
criteria, respectively. In this model, the gas utilization
ratio is monitored after each loop, n is set to 100. ¢ of,
and CO and H, are set as 0.5 and 1.0, respectively.
This convergence criterion is a more convenient mea-
sure of convergence and can be used in future BF
model studies.

III. SIMULATION CONDITIONS

The operational data of a BF in real practice are used
as boundary conditions in this study. A non-orthogonal
body-fitted method is adopted in meshing. Structured
mesh with a relatively regular node distance is prepared
for better tracking of solid movement and minimizing
calculation error. The computational domain and mesh
near furnace top are shown in Figure 3. The key
operational parameters of the BF are listed in Table IV.

IV. RESULTS AND DISCUSSION
A. Typical Results

1. Cohesive zone

Figure 4 shows the cohesive zone (CZ) coloured by
different shrinkage stages!'>*”! (shrinkage index). For
the better understanding and presentation of the cohe-
sive zone structure, a 3D contour (see Figure 4(b)) based
on the 2D axial calculation result is plotted. An
inverse-V-shaped CZ is clearly seen inside a BF. The
pre-set charging pattern is the main cause for a specific
CZ pattern. Also, the thickness of CZ was observed to
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Fig. 3—Computational domain (¢) and mesh near the top of the BF
(b).

vary with its distance from the furnace wall. As seen in
Figure 4, the piled cookie-like layers of the softening ore
show lower gas permeability. As a result, reducing gas
will flow through the low-resistance coke windows
between two adjacent ore layers.

2. Flow pattern

Figure 5 shows the distribution of gas velocity, gas
density, solid velocity and solid density simulated by this
model, respectively. Figure 5(a) gives the detailed infor-
mation of the gas flow field. At the lower part of the BF,
the gas velocity is relatively higher near the tuyere since
gas flow is accelerated through the tuyere. Then, gas
flows toward to furnace centre and furnace top. Due to
different local porosities and particle diameters, different
flow patterns can be observed in different regions. For
example, around the region of the cohesive zone, gas
prefers to flow directly through the coke windows rather
than ore layers because of the higher resistance of the
latter than the former. The densities of both gas and
solid are important variables as they will play an
indispensable role in the subsequent heat transfer.
Figure 5(b) shows the gas mixture density. It is noted
that the density of the gas mixture at the lower regions is
much smaller than that at the upper regions. This
reflects that the temperature may override the pressure
in the density calculation, considering the lower region is
a high-temperature and at the same time a high-pressure
region where the temperature and pressure will act
oppositely in the density calculation. Figure 5(c) shows
the velocity field of the solid phase predicted by this
model. In this model, the solid phase including coke and
ore particles is charged alternatively from the furnace
top. Then, they flow downward along the streamline
toward the raceway, which is treated as a solid exit.
Coke inside the stagnant region is considered motionless
in this model and behaves as the boundary for solid
flow. Figure 5(d) illustrates the density distribution of
the solid phase with a layered charging pattern. It is
observed that the ore density in the cohesive zone
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Table IV. Operational Parameters and Simulation Conditions in This Model

Parameters

Values

Gas
Blast Volume Flux (Nm?*/tHM)
Blast Temperature (K)
Oxygen Enrichment (pct)
Moisture (g/Nm?)
Top Gas Pressure (atm)
Reducing Gas Volume (Nm?/tHM)
Reducing Gas Components (pct)
Solid
Ore Rate (t/tHM)
Average Ore Components (pct)
Coke Rate (t/tHM)
Coke Main Components (pct)
Coal Rate (t/tHM)
Coal Main Components (pct)
Flux Rate (t/tHM)
Flux Main Components (pct)

Solid Inlet Temperature (K)

Coke Volume Fraction (—)

Ore Volume Fraction (—)

Average Coke Particle Diameter (m)

Average Ore Particle Diameter (m)
Hot Metal

Productivity (t/m* d)

Main Components (pct)

Density (kg/m?)

Viscosity (kg/m s)

Conductivity (W/m K)

Surface Tension (N/m)
Slag

Slag Rate (t/tHM)

Slag Main Components (pct)

Basicity (—)

Density (kg/m?)

Viscosity (kg/m s)

Conductivity (W/m K)

Surface Tension (N/m)

1140

1473

1.7

8.036

2

1437

CO 35.60; N, 59.47; H, 2.0; H,O 0.0; CO, 0.0

1.597

TFe 59.93

0.343

C 86.794; Ash 12.162; S 0.594
0.17

C 75.3; Ash 14.78; S 0.36

0.089

Gangue SiO, 92.37

Limestone CaO 54.93; CO, 43.06
Dolomite CaO 32.38; MgO 19.95; CO, 45.42
300

0.153 logd.oke + 0.724
0.403(100d,,)* 14

0.045

0.03

2.0

Fe 95.369; C 3.805
6600

0.005

28.44

1.1

0.323

CaO 39.55; SiO, 33.57; FeO 0.36
B> 1.178; B3 1.412; B, 0.982
2600

1.0

0.57

0.47

increases because of the softening process. In the
dripping and stagnant zone, only coke exists in the
solid phase, maintaining its density as upper BF regions.

3. Temperature distributions

The simulation results of temperature fields of the gas,
solid and liquid phases are shown in Figure 6. The
temperatures of the gas, solid and liquid phases are all
relatively higher around the raceway than in the other
BF regions because of the intense combustion between
the hot blast and coke near the raceway. Due to the
temperature difference between the gas and solid and/or
gas and liquid in this region, the solid and liquid are
heated up quickly. Beyond the raceway region, the
temperatures of the gas, solid and liquid are all higher
near the centre than near the wall along the radial
direction because of higher permeability at the furnace
centre caused by the pre-set charging pattern, allowing a
high-temperature gas pass through the central part
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easily with more energy. The effect of the layered
structure on temperature is considered by means of
calculating the temperature field of both the gas and
solid phase using different solid properties in different
layers, for example, the particle size, shape factor,
density, heat capability and heat conductivity, although
only one solid temperature equation is used. This effect
is reflected and evidenced by the fluctuating iso-lines of
the solid temperature (Figure 6(b)). A similar treatment
was used in BF modelling works.['3202224.26.391 Ajong
the longitudinal direction, both the gas and solid phases
have three different temperature regions. The first region
is below the cohesive zone, where both the gas and solid
temperature decrease sharply, mainly because of the
direct endothermic reduction, carbon solution and
liquid formation taking place there. The second tem-
perature region is the one primarily across most of the
furnace shaft. The temperature in this region shows
relatively smooth variations compared with that of the
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Shrinkage index (-)
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0

Fig. 4—Cohesive zone in BF: () 2D and (b) 3D.

first region. The main chemical reactions of ferrous
oxides in this region are indirect reductions by CO and
H,. This region is also called the thermal reserved zone,
where the heat exchange rate between the gas and solid
phase is quite slow (Figure 6(d)) resulting from their
similar water equivalent.*"! The third region is near the
furnace top, approximately above the 800 K isothermal
line. In this region, both the gas and solid phases show
rapid variation of temperature mainly because of the
intense convective heat flow. In addition, the tempera-
ture difference between the gas and solid phase is shown
in Figure 6(d), where the isothermal lines with labels are
the gas temperature for comparison. It is observed that
the difference value or (D value) of temperature reaches
its peak near the raceway and it stays relatively
stable along most of the furnace shaft. Moreover, there
are two zones with relatively larger D values around the
cohesive zone and near the furnace top, respectively,
compared with the shaft due to the large water equiv-
alent difference between the gas and solid phase, which
is affected by strong local endothermic chemical reac-
tions such as a direct reduction in and around the
cohesive zone and the exothermic reaction of indirect
reduction by CO near the furnace top, respectively.

4. Components of gas and solid phases

Figure 7 shows the simulation results of the mole
fractions of CO and CO, inside the BF. In Figure 7(a),
as a whole, the concentration of CO continually
decreases when gas flows toward the furnace top
because of the indirect reduction, except for the region
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adjacent to the lower cohesive zone, because of the
direct reduction of wustite by coke particles in this
region, producing extra CO compared with that in the
raceway. On the other hand, the CO, mole fraction in
Figure 7(b) shows a reversing distribution compared
with that of CO in Figure 7(a), namely, increasing
gradually along the gas streamline, because CO and CO,
are reactant and product, respectively, in the indirect
reduction of ferrous oxides. The concentrations of CO
and CO, near the furnace central line are both higher
than that near the wall, because the central gas flow is
better developed compared with peripheral gas because
of the porosity difference. Specifically, in the middle
upper region of the furnace shaft, the contours become
denser for both CO and CO, compared with the upper
regions, indicating a sharp CO decrease and CO,
increase due to the indirect reduction and water-gas
reactions. In addition, there are sharp angles in the
middle regions near the furnace wall in both contours,
indicating the transformation from CO to CO; by the
water-gas shift reaction. More importantly, both con-
tours demonstrate the concentration fluctuations, espe-
cially in the upper shaft due to the unique treatment of
the layered reacting structure in this model, where the
reduction of ferrous oxides only takes place in their own
layers, leading to the fluctuating iso-lines. This is one of
the significant features in this BF model.

Figure 8 presents the concentration distribution of H,
and H,O. Similar to the relationship between CO and
CO,, the concentrations of H, and H,O show opposite
profiles. This is because H, is one of the reactants that
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Fig. 5—Typical flow phenomena: (a) gas phase velocity; (b) gas phase density; (¢) solid phase velocity; (d) solid phase density.

will combine with the oxygen element existing in ferrous
oxides while H,O is one of the final products. A
relatively higher H, concentration is observed in the
lower region, as shown in Figure 8(a). This is because
water vapour from the humidified blast will be
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decomposed to H, and CO when coming into contact
with hot coke. Then, the H, will expand to other areas
with its concentration level decreasing in the gas
mixture. It is also observed that both concentrations
show sudden changes in the middle-lower region of the
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Fig. 6—Temperature fields: (a) gas phase; (b) solid phase; (¢) liquid phase; (d) temperature difference between gas and solid phase.

furnace shaft, because ferrous oxide reduction by H,
prefers to take place in high-temperature regions, and
the contours of both H, and H,O become quite dense
compared with that in other areas. In addition, the
fluctuating iso-lines and sharp angles are captured in
both contours, the reason being the same as those for
CO and CO,. Water evaporation in the shaft is not
considered in this model for simplicity.
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Figure 9 shows the mass fraction distributions of
hematite, magnetite, wustite and metal iron inside the
BF. In this figure, the plotted lines and their values
represent the solid temperature. They are given here for
quick determination and comparison of the temperature
range where those four materials are present.
Figures 9(a) to 9(c) shows that hematite, magnetite
and wustite have their corresponding chemical reserve
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Fig. 7—Concentration fields of CO (a) and CO, (b).
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Fig. 8—Concentration fields of H, (a) and H,O (b).
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Fig. 9—Distribution of solid component mass fraction: (a) hematite; (b) magnetite; (¢) wustite; (d) metal iron.

zone, respectively, that is, its mass fraction will stay
constantly high in the corresponding chemical reserve
zones, as coloured in red.

To be specific, Figure 9(a) indicates that the hematite
level stays constantly high near the stockline level. This
is because the reaction rate of hematite is insignificant,
and the thermodynamic equilibrium constant is small
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under the local low-temperature conditions. When
hematite moves downward and reaches a relatively
higher temperature zone of 800 K, its mass fraction will
decrease significantly. Below this level, magnetite begins
to form and only a small percentage of hematite is left in
the ore layers. This distribution of hematite is similar to
some previous works.'>*?! Figure 9(b) indicates that

METALLURGICAL AND MATERIALS TRANSACTIONS B



Gas efficiency (%)

N i T
10 15 20
(a)

Mole fraction (-)

Top gas utilization (-)

3 4 5

Radius (m)

(©

Fig. 10—Gas species-related information: («) gas utilization efficiency through the whole domain of BF; () distribution of CO and CO, along
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Fig. 11—Comparison between measured and calculated data of top
gas information.

some magnetite is found near the furnace top, as
magnetite is charged into BF with hematite, that is,
both of them are the main components of ferrous oxides
in the charged ore. In the low temperature region,
magnetite is stable since the decomposing condition has
not been reached. Then, the mass fraction of magnetite
grows substantially and reaches its peak at roughly the
temperature of 900 K. This is because it is the step-by-
step transformation from hematite to magnetite. Specif-
ically, after all hematite has been reduced to magnetite,
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Fig. 12—Reduction degree of ferrous oxides.
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Fig. 13—Distribution of molar fraction of gas components: (a) CO; (b) CO,; mass fraction of ferrous oxides: (¢) Fe,O3 and (d) Fe;04 calculated
by a model with non-respective chemical reactions in burden layers.

the mass fraction of magnetite would stay almost and 8). When the reducing conditions including the gas
unchanged through the upper shaft near the wall. Thus, concentration, partial pressure and phase temperature
the chemical reserve zone of magnetite is formed, since are satisfied (roughly ranging from 1000 K to 1200 K),
the reduction from magnetite to wustite has not started magnetite will begin to be reduced to wustite, as shown
yet. Also, its location matches the region of loose in Figure 9(b). Figure 9(c) indicates that wustite shows a
iso-lines of the gas concentration distribution (Figures 7 similar tendency as that of magnetite. First, wustite is
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produced in the further reduction of ferrous oxides,
namely reducing gas consumes more oxygen element
from magnetite. The highest level of wustite in ferrous
oxides is roughly around 1300 K. Then, its level drops
because of the continued reduction from wustite to
metal iron. Unlike magnetite, wustite prefers to be
reduced quickly after reaching its maximum mass
fraction, indicating a good reduction environment near
the lower part of the wustite reserve zone. Finally,
Figure 9(d) shows that metal iron is quickly generated
near the solid temperature 1600 K (namely the lower
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boundary of the cohesive zone). It is a higher level near
the furnace centre but a lower one near the furnace wall
because the higher permeability is located near the
furnace centre, representing a higher reducing potential
in this region. Metal iron increases as wustite decreases,
as shown in Figures 9(c) and 9(d), reflecting the succes-
sive reduction of ferrous oxides. The contour also shows
the metal iron mass fraction is increased rapidly with the
increase of temperature, especially in the temperature
range of the cohesive zone, indicating the acceleration of
the reduction progress. This reduction characteristic
could also be reflected in the dense iso-lines of the gas
concentration as shown in Figures 7 and 8. Notably, the
alternative layered structure in these reserved zones with
fluctuating temperature iso-lines can be captured by this
model. They cannot be well captured in the previous
BF model considering the respective reacting burden
layers."®! This is also a significant feature in this BF
model.

B. Furnace Performance

1. Gas utilization

Figure 10 shows the gas utilization efficiency through
the whole domain of BF, mole fractions of CO and CO,
and gas utilization at the furnace top, respectively. Top
gas efficiency is one of the important smelting indexes in
actual BF operations. Since top gas is yielded from
reducing gas, to some extent, it could reflect the BF
performance and also the inner situations of the BF. The
gas utilization efficiency is defined as follows.

VOLUME 49B, OCTOBER 2018—2385



(COy)pct
(CO)pct + (CO2)pet

%= (1]

Figure 10(a) shows that gas efficiency evolves from
the tuyere level up to the furnace top. Since hot coke
particles are packed below the cohesive zone, almost no
CO, could stay after the carbon solution reaction. As a
result, the gas utilization efficiency is quite low in this
region. The fluctuating iso-lines are also observed for
gas utilization efficiency because of the layered reacting
structure considered in this model. Then, from the
cohesive zone to furnace top, gas efficiency evolves
slowly from 20 to 30 and 45 to 50 pct, respectively.
These regions match the chemical reserve zones of
wustite, magnetite and hematite, respectively
(Figure 9).

Figure 11 compares the top gas efficiency obtained
from the measurements and simulation subjected to the
simulation conditions listed in Table IV. Note that the
unit in this figure is the volumetric fraction, and the
mean value of each component is plotted and compared.
The mean top gas efficiency is defined as follows.

_ > (CO,)pet
x ST (CO)pet+ 3 (COy)pet

It is indicated that the simulation results of gas
concentrations of CO, CO,, H, and N, agree well with
the measurements, confirming the validity and effective-
ness of this mathematical model.

[12]

2. Reduction degree

Figure 12 shows the reduction degree of solid ferrous
oxides in the BF. Note that only the reduction degree of
ferrous oxides above the dripping zone is presented in
this contour map. Since coke and ore are charged layer
by layer and the coke-ore mixture is neglected in this
model, there is no penetrating ore particle in coke layers.
The iso-lines of the solid temperature are also plotted in
Figure 12. From the top to tuyere level, the reduction
degree in ore layers gradually increases to 100 pct. The
increasing tendency of the reduction degree corresponds
to the distribution of various ferrous oxides. In partic-
ular, the reduction degree in chemical reserve zones of
hematite, magnetite and wustite shows little growth
compared with that in other regions because of the
reserve effect, as stated before. Besides, the reduction
degree is much higher at the furnace centre than that
near the wall, indicating the much faster reduction
happens at the centre because of the well-developed
central gas.

3. Comparison between BF models with vs. without re-
spective chemical reactions in coke and ore burden layers

To demonstrate the effectiveness of considering the
respective chemical reactions in coke and ore layers, the
results simulated by a model with the layered burden
structure but without considering respective chemical
reactions are presented in Figures 13 to 15. They are
compared with the above-mentioned simulation results
using the model with respective chemical reactions
under the same boundary conditions.
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Figure 13 presents the molar fractions of CO, CO,
and the mass fractions of Fe,O; and Fe;Oy, respectively.
Both models show similar distributions of gas species.
Specifically, the dense iso-lines caused by rapid chemical
reactions indicate the quick change in gas species.
However, the profiles of iso-lines in Figure 13 are much
smoother than those in Figures 7 and 8, that is, the
model without respective reacting structure fails to
capture the fluctuating iso-lines of the gas components.
On the other hand, the mass fractions of solid compo-
nents show non-fluctuating distribution across the
furnace shaft due to the fact that the layered burden
structure is not applied.

The gas utilization efficiency and solid ferrous oxide
reduction degree of the model without respective chem-
ical reactions are also plotted in Figure 14 for compar-
ison. Both models show similar distributions of gas
utilization efficiency and ferrous oxide reduction degree.
However, the iso-lines of gas utilization in the model of
this section are quite smooth with few fluctuations due
to the omission of respective chemical reactions in
alternative coke and ore layers. To be specific, for the
model used in previous sections, CO, is exclusively
produced in ore layers and each ore layer could be
treated as a source domain of CO, or the sink domain of
CO; however, in the model of this section, CO, is
generated evenly in the shaft regions. As a result, the gas
utilization iso-lines of these two models show different
patterns.

Figure 15 shows the comparison of the top gas
composition measured by industrial practice and simu-
lated by the model with non-respective chemical reac-
tions. Comparing Figures 11 with 15, it can be noted
that both models are adequate to capture the main
features of the top gas, indicating the validities and
effectiveness of both models, though there are some
quantitative differences between them. However, for
further understanding of the internal phenomena of a
BF, more details, such as the chemical reaction switch-
ing between alternative coke and ore layers, should be
included. Thus, the model with respective reacting layers
is more favourable for use in the future BF model
investigations.

To sum up, the key features of this article include: (1)
the layered burden structure with respective chemical
reactions in coke and ore layers is considered in the
model and (2) fluctuating iso-lines in terms of flow,
temperature and concentrations can be simulated, espe-
cially the fluctuating iso-lines for gas components and
three layered ferrous oxide distributions, resulting from
the layered burden structure with respective chemical
reactions. These effects have not been well captured in
the past.

V. CONCLUSIONS

A 2D mathematical model is developed to describe
the complex behaviour of multiphase flow, heat/mass
transfers and chemical reactions in a BF. In this model,
the respective chemical reactions in the alternate ore and
coke burden layers are explicitly considered. Although

METALLURGICAL AND MATERIALS TRANSACTIONS B



such reactions occur in real BF operations, they have
not been well considered in the previous works. Typical
inner furnace phenomena, such as gas and solid phase
evolution and cohesive zone distribution, are simulated
using this model and then compared with the simula-
tions using a BF model without considering respective
chemical reactions. The key findings are summarized as
follows:

1. Temperatures of gas and solid phases show similar
variation trends along the furnace height direction.
However, the temperature difference between gas
phase and solid phase varies in different regions,
especially around the cohesive zone and near the
furnace top.

2. In BF, there are three chemical reserve zones for
hematite, magnetite and wustite, respectively. Inside
those zones, both gas and solid components remain
relatively stable.

3. The fluctuating iso-lines of gas components, gas
temperature and solid temperature can be captured.
They are important features of BF with layered
burden and layered cohesive zone with respective
chemical reactions in coke and ore layers.

4. The reduction degree of ferrous oxides shows a
gradual increase from the furnace top downward
with little change in chemical reserve zones. The
well-developed central gas could lead to a relatively
higher reduction degree in the furnace centre than in
the periphery areas on the same level.

This model has provided a cost-effective way to
reliably investigate the inner state of an ironmaking BF.
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NOMENCLATURE
SYMBOLS

Acoke  Effective surface area of coke for reaction (mz)
Agld Effective contact area between solid and liquid

in unit volume of bed (m* m~)
B Basicity of slag
Cp Specific heat (J kg™' K™")
d Diameter of solid particle (m)
D Diffusion coefficient (m” s~ ")
Epy Effectiveness factors of water gas reaction
Ex Effectiveness factors of solution loss reaction
fs Conversion fraction of solid ore
F Interaction force per unit volume (N m™?)
g Gravitational acceleration (m s~ 2)
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Rore

Dynamic hold-up of liquid phase

Total hold-up

Heat transfer coefficient between i and j phase
(Wm 2K

Enthalpy (J kg™ ')

Gas film mass transfer coefficient (m s ")
Rate constant of ith chemical reactions (m s~ ')
Equilibrium constant

Node distance (m)

Molar mass of ith species in gas phase (kg
mol )

Nun31ber of ore particles per unit volume of bed
(m™)

Number of coke particles per unit volume of
bed (m %)

Nusselt number

Pressure (Pa)

Productivity (t m > d ")

Prandtl number

Gas constant (8.314 J K~! mol™")

Reaction rate (mol m > s~ ")

Reynolds number

Degree of reduction

Source term

Schmidt number

Temperature (K)

Elapsed time for total batch passing stockline
(s)

Phase velocity (m s‘?

Total bed volume (m”)

Effective volume of BF (m?)

Gas volume (m’)

Cell volume (m?)

Total batch weight of coke, ore and flux (kg)
Mole fraction of ith species in gas phase

GREEK SYMBOLS

Diffusion coefficient of general variable
Identity tensor

General variable

Shape factor

Specific surface area (m > m )
Activity of molten wustite

Coefficients in Ergun equation

Mass increase coefficient of fluid phase
associated with reactions (kg mol ')
Top gas utilization efficiency

Volume fraction

Convergence criterion

Fractional acquisition of reaction heat
Thermal conductivity (W m~' K™")
Coke ratio

Flux ratio

Ore ratio

Viscosity (kg m~' s7)

Density (kg m ™)

Surface tension (N m™")

Stress tensor (Pa)
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w Mass fraction
y Scaling factor for convective heat transfer
SUBSCRIPTS

e Effective

g Gas

i Identifier (g, s or 1)

i,m The mth species in i phase

j Identifier (g, s or 1)

k The kth reaction

1 Liquid

l.d Dynamic liquid

S Solid

sm FeO or flux in solid phase
SUPERSCRIPTS

e Effective

g Gas

l,d Dynamic liquid

S Solid

T  Transpose signal

1
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