Numerical Study of the Influence of Burden Batch
Weight on Blast Furnace Performance
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Burden batch weight is a critical operating parameter in the blast furnace (BF) system. It
directly affects solid distribution such as coke-layer and ore-layer thickness and thus gas
permeability and thermal—-chemical conditions inside a BF. However, in the open literature, few
quantitative studies have been reported on the influence of burden batch weight on BF
performance, such as cohesive zone (CZ) shape and location, reducing gas evolution, and iron
oxide reduction behaviors. In this study, a multi-fluid BF model is used to investigate the BF
performance with different burden batch weights systematically. This model features the layered
burden structure with respective chemical reactions in respective coke and ore layers and a
burden batch weight sub-model. The results show that, under the given simulation conditions,
with the increased burden batch weight from 112 to 140 tons, the average gas velocity in central
regions is significantly suppressed by ~ 1 m/s; the average gas and solid temperatures are
decreased by ~ 160 K and the position of CZ decreased by ~ 7 m near the BF center; moreover,
the gas utilization efficiency is improved by ~ 2.5 pct; the reduction load of the BF becomes
heavier, particularly by ~ 0.05 near the BF center; the fuel rate is decreased by ~ 2.5 kg/thm,
meaning a higher furnace efficiency. This study provides theoretical support for batch weight
selection and optimization in BF ironmaking practice.
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I. INTRODUCTION

AN ironmaking blast furnace (BF) is a critical
chemical reactor in ironmaking industries. It still dom-
inates iron production because of its high efficiency in
terms of energy utilization and iron oxide reduction. In
the BF ironmaking process, the solid phase including
coke and iron ore is charged alternatingly at the furnace
top. The burden distribution was proved to be capable
of improving gas distribution and utilization efficiency
in commercial BF practice.l'! Meanwhile, the hot blast
provided by the blower system is injected at the tuyere
level to generate the reducing gas. Inside a BF, the
counter-current flow of gas—solid—liquid takes place with
mass-, momentum- and heat-transfer among them.!”
From BF dissection results, the burden layer structure
was observed to exist until reaching a cohesive zone
(CZ).B® The distributions of solid phase such as
burden layer thickness and burden profiles are thus
quite vital as they inevitably affect gas flow patterns and
the in-furnace thermal-chemical behaviors. Therefore,
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solid-phase charging parameters, including batch
weight, are recognized as one vitally important
approach to tune BF performance not only to ensure
the smooth operation but also to obtain a decreased fuel
rate and higher efficiency.

Burden batch weight (a quantity of iron-bearing ore
charged at one time) is a critical operating parameter in
the BF solid-charging system. In practice, it is predom-
inately determined by the charging capability, including
the coke and ore bin volume and bucket volume, and
affected by many other factors, such as BF inner
volume, raw material quality and in-furnace thermal
conditions.”! In general, for a BF with a larger volume,
a more considerable burden batch weight is chosen
compared to a small-scale BF. When the raw materials’
quality deteriorates and gas permeability at the furnace
center decreases, the burden batch weight can be
adjusted to improve the in-furnace conditions. Some
qualitative analyses of burden batch weight on BF
performance were proposed in the past: when a lower
burden batch weight is adopted, the thickness of the
coke layer in both the shaft and cohesive zone (CZ)
decreases; thus, the resistance for gas flow in coke
windows (the coke layers in CZ) increases and more gas
flows out through the BF central areas. On the contrary,
with an increased burden batch weight, the number of
burden layers inside a BF decreases, and the gas flow
field can be more uniform because of the increased
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burden layer thickness!'”; it is reckoned that the change

of gas flow pattern brought by batch weight adjustment
will lead to different in-furnace phenomena because the
gas phase is a carrier of the reducing gas and thermal
energy. Specifically, the reduction process of iron ore is
driven by many factors, including phase temperature,
gas composition, gas pressure, particle size, gas diffusion
resistance and chemical reaction resistance. The gas flow
patterns with different burden batch weights majorly
affect the thermodynamic conditions in terms of tem-
perature field and species distribution and therefore, the
reduction process of iron oxides. In general, high
temperatures and high concentrations of reductants
brought by robust gas flow can lead to fast chemical
reaction rates for iron oxide reduction and might help to
decrease a BF’s fuel rate. However, it is much harder to
further deduce specific thermal conditions and chemical
behaviors inside a BF.l'"'?l From the above reasoning,
it is noted that both a small and a large burden batch
weight have their advantages. However, the research to
quantitatively characterize those reasonings and
hypotheses is lacking in the open literature. Therefore,
it is necessary to systematically study the influence of the
burden batch weight on BF performance in terms of
flow, thermal and chemical behaviors, aiming to deepen
the understanding and optimize BF operations.

Many efforts have been devoted to the study of BF
burden distribution but mostly to burden profiles at the
stockline level only, using experimental and modeling

: 13.14]
approaches. Some experiments have shown that the
burden profiles can be affected by particle physical
properties. It is noted that the experimental studies are
important, but many are conducted within cold appa-
ratuses with specific conditions and high expense. On the
other hand, numerical modeling!">'® provides a cost-ef-
fective tool to study the BF burden distribution,
including the geometric profile, data-driven-based, con-
tinuum-based and discrete-based models. Their theory
and applications are briefly discussed below. Geometric
models are used to study the burden profile at the
stockline level."'"2%) For geometric models, the tra-
jectory of charging materials in the discharging process
can be solved by analyzing the force balance, including
the gravitational force, centrifugal force and sliding
frictional force on a single particle. Some phenomena,
including the influence of ‘scab’ on solid flow, are hard
to obtain if geometric models are used.'>'” ! The
data-driven method, such as the neural network, has
been used in the prediction of top burden profiles
considering the relationship between temperature mea-
surements and burden distributions.**?”! However, it is
recommended to improve the accuracy of on-line
prediction further, especially under innovative operation
conditions, for example, pulverized coal injection (PCI)
operation and oxygen enrichment operation.”® For the
continuum-based approach, potential flow theory or
viscosity fluid flow theory is used to calculate the burden
layer structure inside a BF. This approach features the
high efficiency and ability to capture some typical
phenomena such as the influence of ‘scab’ on burden
proﬁles.[lz’”’m Besides, it should be noted that for the
continuum-based approach, the top burden profiles are
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required as an input to calculate the in-furnace burden
layer structure. The discrete-based method, based on
Newton’s law of motion, simultaneously handles the
translational and rotational movement of all particles
and has been proven to be an accurate tool to study the
phenomena related to particle flow, such as the BF
particle size segregation during the charging pro-
cess!' 1433351 and the in-furnace burden stress.¢ 3"
However, still constrained by computational capacity,
this approach does not allow simulating the particle flow
in a full-scale BF with a huge particle number.?”-3% 4!
However, it is noted that most of the previous research
on BF burden distribution focuses on the burden
profile/distribution at the furnace top; the effects of
burden batch weight, a vital parameter in the charging
process, on in-furnace flow-thermal-chemical conditions
are seldom studied and discussed.

In this study, a multi-fluid BF model based on our
previous work will be used to quantitatively investigate
the effect of burden batch weight on typical in-furnace
phenomena, including gas flow patterns, CZ formation
and thermal-chemical behaviors. The model features
different chemical reactions in the respective coke and
ore layers and a batch weight sub-model. Moreover, the
effects of burden batch weight on BF performance, such
as top gas utilization and fuel rate, are predicted and
discussed in terms of in-furnace phenomena and key
performance indicators.

II. MODEL DETAILS

The present model is based on a recent multi-fluid BF
model.*?! The details of this model and the numerical
implementation have been well documented in our
previous publications.?****] Note that this model
features the detailed treatment of layered coke and ore
particles and different chemical reactions in the respec-
tive layers. It has been validated by comparing the
calculation results and experimental measurements of a
commercial BF. In this part, the detailed governing
equations for flow, heat and mass transfer are not
presented for brevity. The model basics and new
developments are introduced here for completeness.

A. Model Basics

This model is a two-dimensional (2D) axisymmetric
mathematical model in steady state. The calculation
domain is above the slag surface in the hearth to the
stockline near the furnace top. The layered structure of
the solid phase is considered with respective chemical
reactions in different burden layers. In this study,
Navier—Stokes (N-S) equations are adopted to describe
the reducing gas mixture flow field. A Semi-Implicit
Method for Pressure Linked Equations (SIMPLE)
scheme is adopted to decouple the velocity—pressure
field. In addition, the solid phase is treated as one
viscous fluid,™ and a force balance model>#® ig
adopted in liquid flow simulation. Heat exchange
and momentum transfer among gas, solid and lig-
uid phase are also considered in previous
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publications.[?? 3142434691 The chemical reaction rate

of iron-bearing ore reduction by CO and H, refers to
Muchi’s work.’?”  Specifically, the reaction model
assumes that three steps, including diffusion through
gas film, intra-particle diffusion and a chemical reaction
on the reaction interface, occur steadily and successively
during the reaction. In the expression, the chemical
equilibrium constant is used to derive the ‘driving force’
(specie concentration under equilibrium state minus
specie concentration under local state) for chemical
reactions. Note that the value of the chemical equilib-
rium constant varies with temperature. These reaction
rates provide the basis for mass source or sink calcula-
tion for the N-S equation and scalar (i.e., the mass
fractions of CO, H,, CO, and H,O) equations. In
addition, some other key reactions, including carbon
solution reactions, water gas reactions and water gas
shift reactions, are also considered in this model.”! For
gas inlet boundary conditions, raceway combustion is
implicitly considered as in many References 51-55; that
is, the flame temperature and components of reducing
gas are calculated based on the pre-calculated mass and
heat balance. For the treatment of CZ, its profile is
determined by the solid phase temperature range, where
the typical values for most iron ores, viz. 1473 K to 1673
K, are adopted in this work. In particular, the shrinkage
ratio, related to solid temperature, is used to represent
the softening and melting status of iron-bearing mate-
rials. As such, the cohesive process and shrinking index
are calculated according to the shrinkage ratio.® The
ideal gas equation is used to calculate the density of the
reducing gas mixture. Then, the updated gas density is
used in the calculation scheme of N-S equations.

B. New Developments of the Batch Weight Sub-model

This research focuses on the study of the influence of
burden batch weight on BF performance from a
theoretical viewpoint. Thus, for simplicity, the complex
behaviors of particle flow and detailed charging patterns
are not considered in this work. To quantify the effects
of batch weight on BF performance, however, it is
necessary to characterize the burden profile at the
stockline before the simulation. In this work, the
distribution of coke layers and ore layers is described,
as shown in Figure 1. Also, the linear burden profiles
can be found in related BF modeling works>*>® where
the volume ratio of ore/(ore + coke) is assumed to
change linearly from the furnace center to the wall, as
the measurements of such industrial data are quite hard
to obtain if not available. The solid layer distribution
can be calculated using the timeline of solid flow, as
described in References 42, 54. Here, the advantage of
the previous burden layer structure model is used to
solve the particle distributions inside the BF, adopting
different burden batch weights. The equations listed
below are derived and then used to calculate the primary
parameters of the top coke and ore layers.
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Ve = R2H; 4+ 0.5R tgo. 1]
Vi.=RH,+0.5R tgu 2]
Veoke = Meoke/ (TPeoke) 3]

Vore = More/ (TPore) (4]

Meoke = More X OFeore X 1] [5]
Peoke = Pooke X (1 — &coke) [6]
Pore = Pore % (1 — ore) 7]
feoke = 0.153 x 10g( deoke + 0.724 8]
fore = 0.403 x (100 X dore)™ ™ [9]

where o is the inclined angle of the coke pile, R, V7 ...
V;re’ Mcokey Morea WFeores M> Pcokes Pores pzoke’ p:re 5
Ecokes Eores deoke and dyre are the furnace throat radius,
scale-down coke batch volume, scale-down ore batch
volume, coke batch weight, ore batch weight, mass
fraction of iron element in iron ore, coke ratio, bulk
density of coke, bulk density of ore, coke particle den-
sity, ore particle density, void fraction of coke pile,
void fraction of ore pile, coke particle diameter and
ore particle diameter, respectively. Once the values of
the basic parameters mentioned above are determined,
the volume fractions of coke- and ore-burden layers
can be derived. Then, they can be used as the bound-
ary conditions of solid flow and subsequent simula-
tions. This provides an approach to quantitatively
investigating the influence of different batch weights
on BF performance. Note that, by tuning the parame-
ters of the rotary top chute system, many burden pro-
files and distributions can be achieved because of the
flexibility of the charging system. To ensure a smooth
operation, the volume fraction ratio of coke to ore is
relatively large near BF central regions. This study
focuses on the effect of burden batch weight on the BF
inner phenomena below the stockline at the furnace
top. The detailed process of material addition and the
distribution system above the stockline is beyond the
scope of this article.
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Fig. 1-—Schematic of burden distribution in this model.

III. SIMULATION CONDITIONS

The detailed simulation conditions are listed in
Table I. In this research, three cases with different batch
weights are studied. The chosen batch weight of ore
burden is 112 tons (Case 1), 126 tons (Case 2) and 140
tons (Case 3), respectively. For comparing the results
quantitatively, bosh gas volume and flame temperature
are fixed in this study. Note that the PCI rate is 0.17 ton/
thm, i.e., 170 kg/thm. For the coke rates, an initial value
(310 kg/thm) is used at the start of the calculation, and
then a new value will be predicted and reused in the
iteration until the convergence of the calculation. The
body-fitted method is used in mesh generation. For
capturing the layered structure of the solid phase and
minimizing calculation error caused by a coarse grid,
dense mesh with a relatively regular nodal distance is
generated. The node numbers along the furnace radial
direction and furnace axial direction are 131 and 532,
respectively. The total mesh number is 68,370, and the
average mesh size is around 5.0 x 5.5 cm® This mesh
set has a relatively hi%h resolution to capture the
in-furnace phenomena.*” Besides, mesh independence
is studied, indicating that a finer mesh has little impact
on the simulation results relative to the mesh used. For
quantitatively comparing the difference of BF perfor-
mance adopting different burden batch weights, three
vertical lines for data probing are set at the radius of
x =0, 2 and 5, respectively. The computational
domain, monitoring lines and mesh near the furnace
top are shown in Figure 2. Considering the particle piled
feature as well as for simplicity, in this study, the
inclined angle of the interface between the coke and ore
layer is set as a constant. As a result, the particle
mixing!""! and push effects?®* will not be considered in
this work.
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IV. RESULTS AND DISCUSSION

In this section, the influence of ore batch weight on
the BF performance is quantitatively studied in terms of
in-furnace phenomena, including flow fields, tempera-
ture fields, gas species distributions, reduction degree
distributions and key performance indicators including
the top gas utilization efficiency and fuel rate.

A. In-Furnace Phenomena

1. Flow patterns

Figure 3 shows the gas flow field of the three cases
with different batch weights. For better visualization
and comparison, the same range of gas velocity is
chosen from 0 to 30 m/s. In general, a relatively high gas
velocity is observed near the tuyere level because of the
high- speed blast injected through the tuyere. Then, the
gas flows towards both the central furnace regions and
the top outlet, as can be seen from the gas streamlines. It
is noted that the gas flow pattern is affected not only by
the burden structure in the shaft but also by the location
of CZ. The different void fractions in the respective
coke- and ore-burden layers should be the main reason.
For example, the coke layers inside the CZ (termed coke
windows) have relatively high porosities and can redirect
the gas flow towards periphery regions. On the other
hand, Figure 3 shows that the gas flow pattern is quite
different across the furnace regions. In Case 3, the gas
velocity in central regions under the CZ is clearly smaller
than in the other two cases, indicating a large batch
weight can lead to a relatively less robust central gas
flow. The dark blue area in Figure 3 represents the
region with a relatively low gas velocity. Therefore, the
reduced dark blue area means the increased gas velocity.
Comparing Figures 3(c) with (a), it is found that for the

METALLURGICAL AND MATERIALS TRANSACTIONS B



Table I. Simulation Conditions of this BF Model

Parameters Values

Gas
Bosh Gas Volume Flux 1436
(Nm?/thm)
Blast Temperature (K) 1473
Oxygen Enrichment (pct) 1.7
Moisture (g/Nm?) 8.036
Top Gas Pressure (Atm) 2
Reducing Gas Compo- CO 35.60; N, 59.47; H, 2.0;
nents (pct) H>0 0.0; CO, 0.0

Solid
Burden Batch Weight case 1: 112; case 2: 126; case 3:
(Tons) 140
Ore Rate (Ton/thm) 1.597

Average Ore Compo- total Fe 59.93
nents (Pct)

Coke Main Components  C 86.794; ash 12.162; S 0.594

(Pct)
PCI Rate (Ton/thm) 0.17
Initial Coke Rate (Ton/ 0.31
thm)
Coal Main Components C 75.3; ash 14.78; S 0.36
(pct)
Flux Rate (Ton/thm) 0.089
Flux Main Components gangue SiO, 92.37
(pct) limestone CaO 54.93; CO, 43.06
dolomite CaO 32.38; MgO 19.95;
CO, 45.42
Solid Inlet Temperature 300
(K)
Void Fraction of Coke 0.153logd e + 0.724
Piles (-)
Void Fraction of Ore 0.403(100d,,0)" "4
Piles (—)
Coke Average Diameter  0.045
(m)
Ore Average Diameter 0.03
(m)
Inclined Angle (Deg) 5
Hot Metal
Main Components (pct) Fe 95.369; C 3.805
Density (kg/m®) 6600
Viscosity (kg/m s) 0.005

Conductivity (W/m K) 28.44
Surface Tension (N/m) 1.1

Slag
Basicity (-) B> 1.23; B3 1.412; B4 0.982
Density (kg/m®) 2600
Viscosity (kg/m s) 1

Conductivity (W/m K) 0.57
Surface Tension (N/m) 0.47

thm stands for a metric ton (equals to 1000 kg) of hot metal.

lower BF regions, particularly those near the furnace
bosh wall, the dark blue area reduces, indicating the gas
velocity near the furnace wall increases and different
effects of burden batch weight on the gas flow pattern in
different regions.
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Quantitatively, Figures 4(a) through (c) compares the
gas velocity development along three vertical lines, viz.
x = 0, x = 2 and x = 5, respectively. Overall, the
curves show fluctuation trends, especially in the shaft,
because of the burden layer structure; the extreme peaks
and valleys on those curves occur when the gas flows
inside the CZs. Comparing Figures 4(a) and (b), near
the furnace center, shows that in the height range of 0 to
5 m, the velocity of case 3 is lower than those of Case 1
and Case 2 (the velocity difference can be ~ 5 m/s at
some points), indicating the development of central gas
can be weakened with a large burden batch weight. On
the other hand, Figures 4(c), near the furnace wall,
shows the velocity of Case 3 is higher than those of the
others when the height is around 0, viz. near the tuyere
level. This phenomenon indicates the gas flow near the
low-periphery regions gets enhanced as a large burden
batch weight is adopted. In addition, with the increased
burden batch weight, the gas flow field in the shaft can
become much smoother with smaller fluctuations, as
shown in Figures 4(a) through (c). To be specific, the
standard deviations of gas velocity probed at heights
> 10 m and along the furnace axis are calculated and
are 1.820 for Case 1, 1.421 for Case 2 and 1.265 for Case
3, respectively.

To make an overall comparison among the three
cases, the gas velocity along the furnace radial direction
is averaged and plotted in Figure 4(d). To calculate the
average gas velocity along the furnace radial direction,
the BF domain is evenly divided into 40 sections, while
each section is located in a range of its radii. Then, the
data including gas velocity and x-coordinates in each
section will be averaged. For example, the average gas
velocity in each section is calculated based on:

N
vel = ZVG],-/N [10]

where vel; is the gas velocity magnitude in the i-th cell
of the section, and N is the number of the cell of the
section. Figure 4(d) shows that the average gas velocity
distribution curves under three cases have a similar
trend, namely, they all decrease gradually along the
furnace radial direction. To be specific, the average gas
velocity on furnace axis is relatively large, viz. the cen-
tral gas has been developed. This is because larger vol-
ume ratios of coke to ore are set near the BF central
regions than near the furnace wall, as shown in the
schematic of the burden profile (Figure 1). Another
point is that, for each curve, a respective peak and a
respective valley of gas velocity exist. Those peaks are
formed by the relatively high gas velocity around the
raceway. Besides, it is noted that with the increased
batch weight, the average gas velocity gradually
decreases, especially in the radii range from 0 to ~ 6.5
m. The closer to the furnace center, the larger the
velocity difference is. To be specific, at the furnace cen-
ter, the average gas velocity difference is near 1.0 m/s,
comparing Case 1 with Case 3, indicating that the cen-
tral gas flow can be effectively suppressed by the
increased batch weight. Besides, it is also noted that
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Fig. 2—(a) BF geometry profile and () a sectional mesh near the furnace top.

The gas flow field provides a basic

in the bosh region can be anticipated when the BF
adopts a large batch weight. The reasons behind this
towards furnace wall through coke windows rather
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than towards central furnace regions; second, the gas
decreased central gas flow rate, the periphery gas flow

phenomenon include, first, that with the increased
batch weight, gas flow resistance in coke windows
decreases; therefore, more gas is expected to flow
mass flow rate is fixed in this study; thus, with a
rate increases.

Fig. 3—Gas flow patterns of the three cases with different burden batch weights: (a) Case 1: 112 tons; (b) Case 2: 126 tons and (c¢) Case 3:140

tons.
nace center or furnace wall, the more significant the

the curves have the trends, viz. the closer to the fur-
velocity difference. For example, compared with Case
1 and Case 3, a gas velocity difference of ~ 1.0 m/s can
be observed at the furnace wall. To be more quantita-
tive, compared to Case 1, the gas flow rate along the
furnace axis of Case 3 can be decreased by 14.8 pct;
on the other hand, the gas flow rate near periphery
regions of Case 3 is roughly increased by 33.3 pct.
This indicates that a well-developed periphery flow gas
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direction.

understanding of the inner phenomena and can help
estimate the furnace stability under different burden
batch weight conditions.

2. Thermal behavior

Figures 5 and 6 show the gas temperature and solid
temperature of the three cases, respectively. The thermal
conditions of the different cases show a similar distri-
bution on the whole, viz. gas temperature is always
higher than solid temperature. This is mainly because of
the counter-current flow conditions of gas and solid
phases and the endothermic chemical reactions in the
local areas. Under the different batch weights, the
distributions of isothermals of both solid and gas phase
are quite different around the CZs; however, the
difference is not significant in the upper shaft. With
the increase of batch weight, the high-temperature
regions of both gas phase and solid phase decrease,
and the regions above CZ, viz. low-temperature regions,
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expand. Therefore, it is expected that the region for
indirect reduction increases while that for direct reduc-
tion decreases, which will be further elaborated quan-
titatively in the next section related to the CZ profile.
Additionally, the features of fluctuating isothermals can
be observed because of the different physicochemical
properties, such as density and thermal capacity, in the
respective coke- and ore-burden layers.

Figure 7 shows the distributions of average gas
temperature and the average solid temperature along
the radial direction under the different batch weight
selections. The calculation procedure is similar to
Eq. [10], where the velocity term is replaced with the
corresponding phase temperature. Figure 7 shows that
all the curves have a similar distribution, that is,
relatively high temperatures exist near BF central
regions. This is because of the development of central
gas flow, bringing abundant thermal energy to the
furnace center. On the other hand, both the average
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Fig. 5—Gas temperature fields of the three cases with different burden batch weights: (¢) Case 1: 112 tons; (b) Case 2: 126 tons and (c¢) Case

3:140 tons.
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Fig. 6—Solid temperature fields of the three cases with different burden batch weights: (a) Case 1: 112 tons; (b) Case 2: 126 tons and (c¢) Case

3:140 tons.

gas and solid temperatures decrease with increased
batch weight, which is consistent with the expansion of
low-temperature regions as discussed for Figures 5 and
6. Also, it is noted that the influence of batch weight
on furnace temperature is more significant near the
furnace center rather than near the furnace wall.
Specifically, a decrease of about 160 K for both the
gas and solid phases is observed at the furnace center.
However, near the furnace wall, there is no clear
temperature difference among the three cases. The
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maximum average temperatures are attained at a
radius of 7.2 m because of the high temperature in
the raceway. Another point worth mentioning is that
the temperature valleys appear at the radius of ~ 5 m,
different from the gas velocity valleys (Figure 4). It is
indicated that although the temperature fields are
closely related to the gas flow patterns, the relation-
ship between them might not be a linear because of
the complex flow-thermal-chemical behaviors inside a
BF.
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3. Cohesive zone (CZ) profile

Figure 8 shows CZ’s shape and location of the three
cases. The CZ is an important region where ore starts to
melt, and liquid iron is produced. Thus, it functions as a
gas redistributor to change the flow directions of the
reducing gas. In this study, different shrinkages of iron
oxides (see Figures 8(a) to (c)) related to the iron-bear-
ing ore cohesive process are considered. The different
porosity and thermal properties under different stages
are set according to References 30, 54. Figures 8(a) to
(d) shows that the ore batch weight produces significant
effects on the CZ’s distribution. With a small batch
weight, it is expected that the CZ will move upward
towards the stockline level. On the contrary, with a large
burden batch weight, the position of the CZ clearly
descends, particularly near the furnace center, as shown
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in Figure 8(d), indicating the decreased thermal load
near the furnace center. It is observed that the height
difference of the CZs can be as high as ~ 7 m between
Case 1 and Case 3.

To quantitatively demonstrate the influence of ore
batch weight, the local volume fractions of the regions
above, below and inside the CZs are calculated respec-
tively and plotted in Figure 9. It can be clearly seen that
with the increase of ore batch weight, the volume
percentage of the above-CZ region gradually increases
from 54.46 to 65.26 pct, an increase of 10.8 pct, while the
volume percentage below the CZ region decreases from
35.28 to 26.19 pct, a decrease of 9.09 pct. Nevertheless,
the CZ volume shows no obvious change, with a slight
decrease of 1.71 pct observed. It is indicated that the
position of the cohesive zone is quite sensitive to the
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change of ore batch weight. When a large burden batch
weight is adopted, it is anticipated that the central gas
flow will be suppressed because of the lower position of
the CZ. The trends, as shown in Figure 9, indicate that if
a very heavy burden batch weight is adopted, the CZ
might fall upon on the surface of the stagnant region.
Consequently, the central gas flow can be affected or cut
off. Under such circumstances, the smooth smelting
process near the furnace center cannot be achieved, and
the un-reacted iron oxides might accumulate in the
central furnace regions. On the other hand, if a light
batch weight is adopted, it is expected that the CZ can
move upwards, resulting in a well-developed central gas
flow (see Figures 4 and 8(a)) and a higher top gas
temperature (see Figures 5 to 7). Furthermore, the
chemical reaction of iron oxides occurring above the
CZ is mainly related to the indirect reduction while that
in and below the CZ is related to the direction reduction.
Comparing Case 3 with Case 1, it is anticipated that the
volume percentage of the indirect reduction region can
have a 10.8 pct increase while that of the direct reduction
region can have a 9.09 pct decrease.

4. Reducing gas

Figure 10 shows the in-furnace CO distribution of the
three cases. It is observed that, overall, the concentra-
tion of CO decreases when the gas mixture flows
towards the furnace center and furnace top. This is
because the reduction process where the oxygen element
in iron oxides is gradually combined with CO to
produce CO». The fluctuating trends of the CO concen-
tration are observed resulting from the burden layer
distribution considered in this BF model where different
burden layers can function as different source or sink for
the reducing gas species. Besides, the fluctuating trends
show some new features with the increase of ore batch
weights. Specifically, for a heavy burden batch weight
operation, the fluctuating trends become more obvious.
This is because the ore layer of a heavy burden weight is
thicker; thus, the effects of layer functioning as a source
or a sink on gas components become more significant
compared with smaller burden weights.

70%
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50%

40%

30%
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Fig. 9—Region volume fractions of the three cases with different
burden batch weights: (Case 1), 112 tons; (Case 2), 126 tons and
(Case 3), 140 tons.
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Figure 11 shows the CO, distribution of the three
cases, respectively. Because CO, and CO are products
and reactants of iron oxide reduction, their distributions
show the opposite trends. The concentration of CO,
gradually increases and reaches the highest level near the
furnace throat. Also, the fluctuating patterns of iso-lines
can be observed in Figure 11. The distribution of dense
iso-lines is observed in the furnace shaft and near the CZ
because of the fast reduction process, such as an indirect
direction by CO and direct reduction by carbon, which
exists in those regions. Therefore, the distribution of
CO», should be mainly affected by the reduction of iron
oxide. On the other hand, the reduction of SiO, and
decomposition of limestone and dolomite also play roles
in the distribution of CO, but should be relatively
limited because of the limited amount of flux and silicon
oxides compared to that of iron oxides. Below the CZ, it
is noted that the concentration level of CO, is quite
limited because the thermal-chemical conditions are
disadvantageous for CO, existence. Besides, with the
increased burden batch weight, the areas of regions with
low CO, concentration decreases, implying the better
utilization of CO. The reason should be the declination
of the average in-furnace temperature, which will
promote the indirect reduction of iron oxides by CO,
an exothermic chemical reaction.

For better comparison, the molar fractions of the top
CO and CO, of the three cases are plotted, as shown in
Figure 12. Particularly in Figure 12(a), Case 1 shows the
highest CO concentration (~27 pct) near the furnace
center and the lowest CO (~20.5 pct) near the furnace
wall. Interestingly, Case 3 shows some different features
compared with Case 1. This indicates the CO near the
BF central regions can be better utilized with a heavier
burden batch weight. As a supplement, in Figure 12(b),
the CO, in Case 3 shows the highest level (~ 19.2 pct)
near the furnace center, followed by Case 2 (~ 15.7 pct)
and Case 1 (~ 14.3 pct). In periphery regions, it is noted
that Case 3 still ranks the highest (~ 23 pct) while the
curves of Case | and Case 2 crisscross with each other at
a radius of about 2.5 m. It is observed that the curves
can intersect with each other at different furnace radii
because the distributions of CO, and CO in top gas can
be affected by the development of iron oxide reduction
inside a BF. It is indicated that, under different burden
batch weights, the BF reducing gas might have various
features of the trends, such as the slopes along the radial
direction.

Figure 13 shows the gas utilization efficiency, one
vital smelting index of BF ironmaking, across the
calculation domain of the three cases. It is noted that
these cases have a similar distribution of this smelting
index. It is observed that the utilization of reducing gas
gradually increases with the gas flowing towards the
furnace top. Moreover, with the increased ore-burden
batch weight, the region of gas efficiency > 45 pct
becomes more extensive, as clearly shown in Fig-
ure 13(c). It is indicated that the overall utilization of
the reducing gas can be improved when a BF adopts a
heavy ore batch weight.
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Figure 14 shows the top gas utilization along the
radial direction and the respective average values of the
three cases. As shown in Figure 14(a), the top gas
utilization gradually increases along the radial direction
and reaches the respective plateau at roughly half of the
furnace radius. Then, the curves show insignificant
variations towards the furnace wall. The average top gas
utilization efficiencies of the three different batch
weights are 47.2, 47.8 and 49.7 pct, respectively (Fig-
ure 14(b)). An increase of ~ 2.5 pct for the gas utiliza-
tion efficiency is observed when the burden batch weight
increases from 112 to 140 tons. It clearly shows the
advantage of adopting a heavy batch weight.
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Additionally, the reducing gas is generated from fuel
combustion; thus, the well-utilized reducing gas implies
a declining level of the fuel rate.

5. Iron oxides reduction

To investigate the reduction behaviors of iron oxides
inside a BF, the reduction degree distributions of the
three cases are plotted in Figure 15. The isothermals of
the solid phase are given to show the relationship
between the temperature and reduction degree. Overall,
the reduction degree of different cases shows a similar
distribution, that is, gradually increases when flowing
downward and keeps relatively stable in each chemical
reserve zone.**? The chemical behaviors of iron oxides
are mainly determined by the in-furnace temperature,
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pressure and gaseous reductant concentrations.!””
Therefore, the change of thermodynamic and kinetic
conditions with different burden batch weights will
change the distribution of the reduction degree of iron
oxides. On the other hand, the solid layer number
decreases because of the increased ore batch weight,
which would increase the burden layer thickness.
Besides, the isothermals inside the BF decline with the
increased burden batch weight and affect the reduction
behaviors of iron oxides. Compared with Case 3, the
reduction degrees of Case 1 and Case 2 in the shaft are
generally higher at the same horizontal level. Addition-
ally, for the case with a lighter burden batch weight, the
CZ starts to form at a higher height. Thus, it is indicated
that with a lighter burden, iron oxides can be reduced
much faster; therefore, the reduction load, especially
near the central furnace regions, decreases.
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To be more quantitative, the reduction degree evolve-
ments above CZs and along different vertical lines, viz.
x = 0,x = 2and x = 5, are shown in Figures 16(a) to
(c), respectively. Note that the reduction degrees grad-
ually increase; however, inside the coke layers they are
zero where no iron oxides exist. These figures clearly
show that, at the same heights, the reduction degrees of
iron oxides with a more massive burden batch weight
are smaller than those with a small one. Comparing
Figures 16(a) through (c) shows that with the decreasing
of ore particles, the reduction degree difference
increases, and the difference at the same height can be
as large as 0.5 at some points. It proves that the
reduction load inside the BF becomes heavier with the
increased burden batch weight, particularly near the
furnace center. In other words, to reach the same
reduction degree, iron oxides should travel a longer
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distance inside the BF with a large burden batch weight.
Thus, for extremely large burden batch weights, iron
oxides might not be reduced well before entering, such
as the dripping zone and stagnant region. To make a
better comparison of the reduction development of the
three cases, the average reduction degree along the
radial direction is calculated and plotted in Figure 16(d),
respectively. The calculation scheme is similar to
Eq. [10], but with the reduction degree of iron oxides
adopted instead of gas velocity. These reduction degree
curves show similar distribution trends. Specifically, the
average reduction degree decreases first with an
increased radius and reaches the respective valley of
~ (.22 at a radius of 5.5 m. The difference in the average
reduction degree near the furnace center can be ~ 0.05.
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However, compared with the previous average gas
velocity and phase temperature, the curves in Figure 16
show unobvious trends near the central furnace regions.
It is because the average reduction degree is affected not
only by the reduction degree in the ore layers, but also
the iron ore cell numbers in the shaft. Specifically, the
CZ location (Figures 8 and 15) is different near the
furnace center, making the local trends become ambigu-
ous. On the other hand, the trends of reduction degree
become much clearer near the furnace wall where the CZ
profiles show relatively unobvious changes. Near the
peripheral regions, the average reduction degree of Case
3 is the lowest, indicating the reduction load of a BF in
the periphal regions increases with a larger batch weight.
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B. Key Performance Indicators

1. Fuel rate

Figure 17 compares the fuel rates of the three cases. It
is noted that with the increased ore batch weight, the
fuel rate shows a clear decreasing trend, from ~ 508.5 to
~ 506.0 kg/thm. A decrease of ~ 2.5 kg/thm is observed.
From the viewpoint of fuel rate saving, the BF operation
with a large ore batch weight should be recommended.
However, as discussed in the previous sections, the
declined position of the CZ, together with the decreased
central gas velocity, can co-exist when a BF adopts a
large batch weight. Thus, the raw materials far away
from gas inlets might not be reduced well, and the
accumulation of raw materials could take place under
some extremely heavy burdens. Thus, a chill hearth
could be formed finally. Therefore, the increased batch
weight should be carefully selected to balance the
increased gas blow ability and increased raw material
quality.

2. Gas permeability

The blast furnace permeability index is an empirical
parameter with various expressions but basically relates
to the furnace pressure drop and bosh gas flow rate. In
this study, the bosh gas flow rate is constant. Therefore,
furnace permeability can be directly reflected by ana-
lyzing the furnace pressure drop. The result (Figure 18)
indicates that with the increased burden batch weight
from Cases 1 to 3, Case 2 shows a lower pressure drop,
indicating the fluctuations of furnace permeability. The
reason behind these phenomena should be the change of
gas flow patterns in different regions brought by the
different porosities and gas permeabilities. It is con-
cluded that the relationship between BF permeability
and burden batch weight is not a simple linear and
might need further study, e.g., using as CFD-DEM
approach.

V. CONCLUSIONS

A mathematical BF model based on multi-fluid theory
is adopted to investigate the influence of burden batch
weight on BF in terms of inner phenomena and
performance, including gas flow patterns and ther-
mal—chemical behaviors, CZ shape and location, reduc-
ing gas evolution and iron oxide reduction distribution,
fuel rate and gas permeability. The key findings of this
study are as follows:

1. Burden batch weight has a significant effect on the
gas flow field. When the batch weight increases from
112 to 140 tons, the average gas velocity near the
furnace center decreases by 1 m/s while that
near-periphery bosh regions increase.

2. The thermal condition is significantly affected by the
burden batch weight. With the increased batch
weight, both the average temperature of the gas
phase and solid phase declines by roughly 160 K; the
CZ position descends by ~ 7 m near the BF center.
Besides, the reduction load is expected to become
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heavier inside the BF, particularly by ~ 0.05 near the
BF center.

3. Both the top gas utilization and fuel rate can be af-
fected by the batch weight. With the increased batch
weight, the usage of reducing gas improves by ~ 2.5
pct with the decreased fuel rate by ~ 2.5 kg/thm, viz.,
the furnace efficiency can be improved with a more
considerable burden batch weight.

In summary, a large batch weight is recommended in
view of furnace efficiency. Meanwhile, the development
of central gas flow should be ensured for stability.

This work quantitatively investigates the influence of
batch weight on the BF performance, which is expected
to provide theoretical support for the batch weight
selection in practice.
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