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Charge of hot coke and iron-bearing materials into an ironmaking blast furnace (BF) may bring significant
energy and environmental benefits to the BF process. However, there is little information about the quan-
titative effects of hot charge operation on BF flow and performance. This paper presents a numerical
study of multiphase flow, heat and mass transfer in a BF by a process model. The applicability of the
model in predicting BF performance is first confirmed by different applications. It is then used to study
the effects of hot charge operation at different temperatures. The results are analyzed in detail with
respect to BF flow and performance. It is shown that compared to the conventional operation, hot charge
operation can lead to an increased productivity, decreased coke rate and CO, emission, and at the same

time, increased gas pressure and top gas temperature. These effects vary with hot charge temperature.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Blast furnace (BF) ironmaking is the most important technology
by which iron is rapidly and efficiently reduced from iron-bearing
materials (Biswas, 1981). Its primary energy source and reducing
agent are mainly coal in form of coke and pulverized coal, which
is finally released as CO, to the environment. Also, BF ironmaking
system consumes 70% of the energy input in an integrated steel-
making works. Therefore, BF, as the core of the system, is usually
featured with extensive energy consumption and massive green-
house gas emission. Furthermore, such a reactor demands a signif-
icant amount of coke to maintain adequate furnace permeability
and provide thermal and chemical energy sources. The consumed
coke, as a kind of noble material, shares a large portion (~25%) of
the production cost of hot metal (HM). As such, coke rate (coke
consumption per tonne of hot metal, also referred to as CR for con-
venience) is critical to BF performance with regard to energy effi-
ciency, CO, emission and production cost.

In recent years, various technologies have been developed to
improve BF performance. These include, for example, top gas recy-
cling (Austin et al., 1998; Nogami et al., 2006; Chu and Yagi, 2010;
Helle et al., 2010), injection of pulverized coal, hydrogen bearing
materials, natural gas, and coke oven gas (Slaby et al., 2006; Li
et al., 2007; Shen et al., 2009), charge of novel burden materials
such as scrap and carbon composite agglomerate (Nogami et al.,
2006; Kawanari et al., 2011), and hot charge (Biswas, 1981).
Although being examined at various levels, many of these technol-
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ogies are still on trial, with the long-term practical feasibility lar-
gely remaining unknown. This is especially true for hot charge
operation, where coke and iron-bearing materials, usually referred
to as burden, are alternatively charged into a BF at a higher tem-
perature than the ambient temperature as used in a conventional
operation. This high temperature may be achieved through the fol-
lowing two ways. One directly charges the hot stock materials
from the upstream of the BF, which avoids the massive energy loss
related to cooling process. Another makes use of the unutilized
sensible heat and chemical energy of materials within the inte-
grated steelmaking works to preheat the burden materials to a cer-
tain temperature before charging. With the help of the extra heat
input from the furnace top, hot charge operation may have great
potential in improving BF performance. However, to date, our
knowledge about the effect of such a technology on BF flow and
performance is little, especially at a quantitative level. This prob-
lem is further complicated by the fact that conveying and charging
systems required by hot charge operation to withstand the high
temperature environment at the furnace top have not been fully
established yet.

On the other hand, in order to secure a successful running of
new operations, it is a necessary prerequisite to predict and under-
stand BF flow and performance over a wide range of conditions.
This is difficult to achieve experimentally, because ironmaking BF
is a very complex multiphase reactor accompanying with high
temperature and hazardous conditions. In principle, this problem
can be overcome by numerical simulation. In this direction, various
mathematical models have been developed in the past decades to
describe localized or global particulate and multiphase flow behav-
iors in BFs (see, for example, the recent review by Dong et al.
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Nomenclature

UFeo activity of molten wustite

Ac effective surface area of coke for reaction, m?

Cp specific heat, J kg1 K™!

d diameter of solid particle, m

Do effective diffusivity of carbon monoxide, m* s

Ef effectiveness factors of solution loss reaction

fo fraction conversion of iron ore

F interaction force per unit volume, kg m=2 s~2

g gravitational acceleration, m s—2

h;; heat transfer coefficient between i and j phases,
Wm2K!

H enthalpy, ] kg™!

AH reaction heat, | kg~!

k thermal conductivity, W m~! K~!

kr gas-film mass transfer coefficient, m s~

k; reaction constant of ith chemical reaction, m s~

Ky equilibrium constant of indirect reduction of iron ore by
co

M; molar mass of ith species in gas phase, kg mol~!

Msm molar mass of FeO or flux in solid phase, kg mol™!

p pressure, Pa

pct percentage

pr prandtl number, ¢, pK

R reaction rate, mol m~3s~!

S source term

Sh, shrinkage ratio defined as the ratio of the decreased vol-

ume, caused by softening and melting, to the original
volume occupied by iron-bearing material

Shy normalized shrinkage ratio, Sh; = Shy/Shy max,
Shymax = 0.7

T temperature, K

u interstitial velocity, m s™!

vy bed volume, m>

v, gas volume, m>

g
Volcen volume of control volume, m>

Vi mole fraction of ith species in gas phase
yi mole fraction of ith species in equilibrium state

Greek letters

diffusion coefficient

identity tensor

general variable

shape factor

specific surface area, m™2 m™
mass increase coefficient of fluid phase associated with
reactions, kg mol~!

distribution coefficient

volume fraction

fractional acquisition of reaction heat

viscosity, kg m~! s7!

density, kg m~3

stress tensor, Pa

mass fraction

orer Ecoke l0cal ore, coke volume fraction

3

=R RS N

edbtxm%

)

Subscripts
e effective
gas
i identifier (g or s)
i,m mth species in i phase
j identifier (g or s)
k kth reaction
S solid
sm FeO or flux in solid phase
Superscripts
e effective
g gas
s solid

(2007)). Generally speaking, the existing approaches can be classi-
fied into two categories: continuum approach at a macroscopic le-
vel and discrete approach at a microscopic level. The former is
suitable for process modelling and applied research because of
its computational convenience and efficiency. Indeed, most of the
BF modelling is based on continuum approach (Dong et al.,
2007). However, to date, comprehensive numerical studies of hot
charge operation in BF have not been found in the literature.

This paper presents a numerical study of BF flow and perfor-
mance at different hot charge temperatures by a continuum-based
process model. It is organized as follows. First, the numerical mod-
el is introduced. The applicability of the model is examined by dif-
ferent applications. On this base, the effects of hot charge on
process performance are quantified, followed by a detailed study
of the flow and heat and mass transfer for better understanding.
The findings from this study should be useful not only for estab-
lishing a full picture about the hot charge operation but also for
developing some guides for possible implementation of this tech-
nology in practice.

2. Model description

The current BF process model is a two-dimensional (2-D) math-
ematical model which considers mass, momentum and enthalpy
conservations for gas and solid phases at steady state. It is in prin-
ciple the same as that recently reported by Dong et al. (2010). For

brevity, we only describe the key features of this model below,
with the new developments emphasized.

2.1. Governing equations

Table 1 summarizes the governing equations for fluid flow as
well as heat and mass transfer considered in this study. Gas is de-
scribed by the well-established volume-averaged, multiphase, Na-
vier-Stokes equations (Dong et al., 2007). Solids are assumed to be
a continuous phase that can be modelled based on the typical vis-
cous model used in multiphase flow modelling (Austin et al., 1997),
coupled with the method proposed by Zhang et al. (1998) for
determination of the deadman boundary. General convection-dif-
fusion equations are applied to describe heat and mass transfer
among the phases.

2.2. Momentum, heat and mass transfer between phases

The gas-solid interaction as gas flows through a packed bed is
described by the Ergun’s expression (1953):

Fy = —FS = —(op, || + By, (1)

The interphase mass transfer, which occurs due to reactions and
phase changes, is evaluated from simple mass balances. Accord-
ingly, three crucial chemical reactions and two important phase
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