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Abstract: An adequate and stable carbon content of hot metal plays a key role in maintaining a
low production cost of the conventional steelmaking route involving the blast furnace (BF) and
the basic oxygen furnace. The carbonization of BF hot metal by deadman coke in the hearth
region, which has been considered decisive for the final carbon content in the liquid, has yet to
be explored since it has not received much attention. In this context, a computational fluid
dynamic (CFD) model for providing an overall picture of hot metal carbonization by deadman
coke in the BF hearth was established. The main assumptions and simplifications, as well as the
governing equations involving momentum and species transport in a multiphase system
concerning the dead man and hot metal are outlined in this paper, where accuracy of the CFD
model is verified by making comparison between measured data from an industrial BF and the
corresponding simulation results. Further, the usefulness of the model is illustrated by conducting
a set of simulation cases to examine how different factors affect the carbonization process. It is
hoped that the CFD model could be helpful for the BF operator to advance the knowledge of the
complicated phenomenon.

Keywords: Blast furnace hearth, deadman state, hot metal flow, hot metal carbon content,
numerical model
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1. Introduction
In the basic oxygen furnace (BOF) for primary steelmaking, approximately 80% of the total
energy comes from the oxidation of carbon in hot metal that is produced dominantly by the blast
furnace (BF).[1] An adequate and stable carbon content of hot metal thus plays a key role in
maintaining a low production cost for the conventional BF-BOF route of steelmaking. In the BF,
hot metal is not carbon-saturated when dribbling down below the cohesive zone, while it receives
carbon when accumulating in the hearth and flowing through the dead man (i.e., a column of
packed coke particles). Therefore, the carbon content of BF hot metal depends quite strongly on
the carbonization process that, in turn, is affected by deadman state and the associated liquid
flow pattern in the hearth.
Since (long-term) direct measurements of the deadman state in operating furnaces are still
impossible, most of the relevant work was carried out utilizing physical models and/or
mathematical models.[2-12] It has been recognized that the dead man can either sit completely on
the hearth bottom or float to some degree of height depending on whether the buoyancy force
exerted by the stored hot metal and molten slag is sufficient to overcome the downward-acting
force primarily stemming from the burden weight. It should, however, be kept in mind that a flat
bottom profile may not arise in practice for a floating dead man. In an operating BF, the
downward-acting force is highly reduced in the region where the raceways are located since the
burden weight above the tuyere level can be (partly) offset by the drag of the up-flowing gas
from the raceways. As a result, the bottom of a floating dead man usually assumes a profile with
higher floating levels at the hearth periphery, which has been confirmed by dissection
investigations of quenched furnaces.[13-15] In addition, the packing structure of dead man has been
examined by both dissection investigations and industrial trials using radioactive tracers,
revealing that the deadman center is less permeable due to a lower renewal rate.[16-18]
Over the years, intensive efforts have also been put into clarifying the influence of the deadman
state on the BF hearth performance and a majority of the studies was emphasized on the induced
liquid flow pattern that is intimately linked to the (campaign life determining) lining wear of the
hearth.[8, 19-20] The reported wear profiles of hearth lining are mainly elephant-foot shaped with
excessive erosion in the hearth periphery and bowl shaped where the refractories in the middle
of the hearth bottom are severely worn. The former wear profile is often attributed to the
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circumferential flow that emerges if the permeability in the center of the dead man deteriorates
and/or the dead man partially floats, forming an annular coke-free channel in the hearth periphery.
The latter (i.e., bowl-shaped) wear profile could be expected if the circumferential flow is largely
suppressed, e.g., when the hearth sump is sufficiently deep and thus the dead man floats
completely to a great degree of height. In contrast, very little attention has been paid in a
quantitative way to estimate the relationship between the deadman state and the carbon content
of hot metal. Kinetic studies resorting to laboratory-scale experiments have shown that the
dissolution rate of carbon from coke particles into hot metal is fast at typical BF hot metal
temperatures and the liquid-solid heterogeneous reaction is controlled by mass transfer within
the boundary film.[21-22] This implies that an increase in hot metal velocity could yield a higher
dissolution rate of carbon. It should, however, be stressed that in the BF hearth high liquid
velocities often occur in regions where coke particles are scarce (i.e., the coke-free zone) or
comparatively loosely packed (i.e., the more permeable peripheral zone of the dead man). Owing
to the small liquid-solid contact area and the short residence time of liquid in those regions of
high liquid velocities, hot metal may pick up less carbon from the dead man. The problem thus
becomes rather intractable and in reality, the ultimate reason for some change in hot metal carbon
content can never be clarified without a thorough appreciation of the carbonization process.
From a theoretical point of view, hot metal carbonization in the BF hearth is essentially a process
involving reactive multiphase flow. Techniques of computational fluid dynamics (CFD), which
can be adopted to model reactive multiphase flow to a satisfactory degree of accuracy nowadays,
would naturally be most beneficial especially taking into account the cost of either physical
experiments using scale models or full-scale trials carried out in operating BFs. In a previous
publication,[8] a CFD model was developed to deepen the understanding of hot metal flow and
the associated hearth lining wear due to the flow induced shear stress. In the CFD model, key
geometric and internal conditions were determined by a simplified BF drainage model and a
modified k-ω turbulence model encompassing a blending function was employed to deal with
the transition of hot metal flow from the low-Reynolds-number regime to the high-Reynoldsnumber regime.
In order to provide an overall picture of the carbonization process in the BF hearth, the previous
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CFD model was extended by incorporating species transport of carbon in a system consisting of
the deadman and hot metal. The governing equations and underlying principles of the extended
CFD model are outlined in the present work, where the validity of the model is demonstrated by
comparing measured data from an industrial BF with the corresponding simulation results.
Further, detailed results of various simulation cases are analyzed to assess how the carbonization
process is affected by different factors.

2. Model Description
2.1 Assumptions and Simplifications
Because of complicated transport processes and varying physical conditions, it is extremely
difficult, if not impossible, to develop a global method that could cover every detail in the BF
hearth. The present work, nevertheless, was aimed to outline a CFD model that is able to provide
an overall picture of hot metal carbonization process in the BF hearth. The main assumptions
and simplifications, which were made to facilitate the development of the model, are listed as
follows.
(1) The evolutions of liquid levels (for both hot metal and molten slag) and deadman state
during a tap cycle of the BF hearth are determined using a simplified drainage model. In
the steady-state CFD model, related information of hot metal level and deadman bottom
profile at a certain moment in the tap cycle is extracted and used to generate key geometric
and internal conditions. In addition, the slag phase is neglected in the CFD model.
(2) In principle, hot metal can pick up carbon from the deadman coke and the carbonaceous
lining material of the BF hearth. Nevertheless, a small portion of hot metal close to the
hearth lining can usually solidify to form a stable skull layer that acts as an autogenous
barrier to avoid direct contact between hot metal and the hearth lining. Therefore, the
carbonization of hot metal primarily takes place in the dead man. The hearth lining is thus
excluded from the computational domain of the CFD model.
(3) The inner geometry of the hearth assumes a simple cylinder shape as this work was not
intended to study the hearth phenomena with respect to lining erosion and skull formation
that often give rise to a more complex inner hearth geometry.
(4) Previous calculations[2, 6, 9-10] showed that heat diffuses quickly in hot metal (with a Prandtl
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number of far less than unity) and the region where temperature gradient is noticeable is
negligible in comparison with the entire bath of hot metal. Therefore, calculation of heat
transfer is omitted in the domain of hot metal.
2.2 Model Equations
In the present CFD model, key geometric and internal conditions (i.e., hot metal level and
deadman bottom profile) are provided by a simplified BF drainage model that has been evaluated
on short-term data from industrial BFs. In general, the drainage model was built based on the
relation between the liquid volume and level in the BF hearth and on a balance between the force
pressing down the dead man and the one acting on the submerged part of the dead man in the
opposite direction. Therefore, a series of coupled (ordinary differential) equations must be solved
using a certain numerical method. For the sake of brevity, this drainage model is not outlined
here and the reader is referred to refs. 4 and 5, where the model is thoroughly described in terms
of its formulation and applications.
The governing equations for hot metal flow in the BF hearth can be derived on the basis of mass
and momentum balances as follows

   ir u   0

(1)





   ir uu       ir   turb  u  u 

T

  p   g  S
ir

dm

(2a)

where ε, ρir, u, ηir, ηturb, p, k and g are the (local) deadman porosity, hot metal density, physical
velocity vector, dynamic, and turbulent viscosities, pressure, turbulent kinetic energy and
gravitational acceleration, respectively.
In eq. 2a, Sdm is the momentum sink caused by the presence of the dead man that is usually
viewed as a packed bed. Therefore, the well-known Ergun’s is applied

S dm  150

 ir 1   2

u  1.75 ir 1    u u
2
dp

dp

(2b)

where dp is the effective size of deadman coke.
Taking hot metal as a binary mixture of carbon and iron, the volume-averaged species transport
equation for carbon is written as

  irYC u     ir Deff YC   C
where YC is the mass fraction of carbon in hot metal.
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(3a)

In eq. 3a, Deff is the effective mass diffusion coefficient of carbon and is given by
Deff  DC 

 ir   turb
 irSc turb

(3b)

where DC and Scturb are the molecular diffusion coefficient of carbon in hot metal and turbulent
Schmidt number, respectively.
In eq. 3a, ϕC represents the mass transfer rate of carbon due to the heterogeneous reaction
between the deadman coke and hot metal. Assuming the heterogeneous reaction is controlled by
mass transfer within the boundary film, the mass transfer rate of carbon can be expressed as

C 

61   
ir Ysat  YC 
dp

(3c)

where Ysat is the saturation solubility of carbon in hot metal.
In eq. 3c, α is the mass transfer coefficient and is computed in the present work using a
generalized correlation applicable to fluids in packed beds[23]

 
   u  ir
  ir DC
where Re 





2 / 3

 0.765 0.365 
 0.82 

Re 0.386 
 Re

(3d)

 ir d p u
.
 ir

As for turbulent quantities, the turbulent kinetic energy (k) and turbulent viscosity of hot metal
(ηturb) are determined with the shear-stress transport k-ω model developed by Menter.[24]
Moreover, auxiliary relations for some key variables in the equations above are given in Table 1,
where T is the hot metal temperature.
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Table 1 Auxiliary relations used in the CFD model
Variable
Hot metal density,
kg/m3
Hot metal dynamic
viscosity, Pa·s

Relation

 ir  7100  7320YC 

 T  1823 0.828  8.74YC 
 4979.6 

 T 

 ir  3.669  104 exp

Effective size of

logd p 

deadman coke, m
Molecular diffusion
coefficient of
carbon in hot metal,
cm2/s

metal, -

  0.724
0.153

 1.32  105


 55.4  YC


 T  273.15



DC  exp
4

 1.21 10


 
 2.568
 T  273.15



Saturation solubility
of carbon in hot

Reference

Ysat 

1.35  0.00254T  273.15
100

[25]

[26]

[27]

[28]

[7]

The center of the dead man is assumed to be less permeable to mimic a more realistic scenario
in the BF hearth. As schematically sketched in Fig. 1, the low-permeability center of the dead
man corresponds to the region unaffected by the raceways, while the zone under the raceways is
the peripheral region of high-permeability.

Fig. 1 Schematic sketch representing packing structure of the dead man in the BF hearth
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In order to quantify the extent to which the permeability in the center of the dead man deteriorates
(i.e., the deadman center is clogged), a deadman porosity ratio (β) is defined as



 low
 high

(4)

where εlow and εhigh are the porosity of the central region and that of the peripheral region (cf. Fig.
1).
It should be pointed out that the deadman porosity input to the drainage model is a volumeweighted mean value expressed as

 mean 

 lowVlow   highVhigh
Vlow  Vhigh

(5)

where Vlow and Vhigh are the volume of the central region and that of the peripheral region.
In the present CFD model, both β and εmean are inputs and therefore, εlow and εhigh are calculated
on the basis of eqs. 4 and 5.
2.3 Boundary Conditions and Model Implementation
At the top inlet of the hearth (cf. Fig. 1), hot metal with a specific carbon content dribbles into
the hearth at a mass flow rate corresponding to a daily production rate. At the entrance of the
taphole (cf. Fig. 1), the relative pressure equals the sum of the pressure drop induced by liquid
flow through the taphole and the one compensating for the gravitational force due to the upward
inclination of the taphole.
The present CFD model was implemented on the platform of commercial package FLUENT
15.0 augmented by user defined functions. Each of the governing equations was discretized with
a second-order scheme to achieve higher computing accuracy and stability. The under relaxation
factors of all field variables were carefully adjusted to guarantee overall convergence, for which
all flux residuals were required to be less than 10-6.

3. Results and Discussion
3.1 Simulation Cases
The present CFD model was utilized to simulate the carbonization process of hot metal in the
one-taphole hearth of an industrial BF, of which the daily drainage strategy is normally 12 tap
cycles with a 30-minute plugging period in each cycle. In addition, the hearth diameter, sump
depth and raceway length are 7 m, 1.5 m and 2 m, respectively.
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A set of simulation cases were performed in this work to examine the influence of hot metal
production rate (Mir) and deadman porosity ratio (β). In all simulation cases, hot metal
temperature, carbon content at the top inlet of the hearth and the mean deadman porosity (i.e.,
εmean) were given 1773 K, 3.0 % and 0.35, respectively. In the reference BF, the dead man has
started to partially float since the second year after blow-in[3] and for this reason, only partially
floating state was taken into account for the dead man in the simulation cases. Each simulation
case was set up using information about the liquid level and deadman state at a certain moment
in the corresponding tap cycle, which was reproduced by the simplified drainage model. For the
sake of comparison, information (i.e., hot metal level and deadman bottom profile) at the tapstart moment was extracted and used to generate geometric and internal conditions for each
simulation case. As illustrated in Fig. 2, specifically, the hot metal level at the tap-start moment
was used as the height of the computational domain, within which the deadman bottom profile
was reconstructed in a numerical way. Furthermore, the reference hearth was assumed to be
symmetric about the plane defined by the centerlines of the hearth and the taphole, so only half
of the hearth volume was transformed into the computational domain. It is worth noting that, as
depicted in Fig. 2, the block-structured grid of the computational domain was arranged in a way
that the resolution is higher in regions where liquid velocity varies significantly (e.g., in the
vicinity of the taphole and near the bottom where the coke-free zone exists).
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Fig. 2 Setup of a simulation case using information provided by the simplified drainage model
3.2 Model Validation
The residual carbon appetite of tapped hot metal, which is expressed as eq. 6, is usually
considered as an indicator for the deadman state. Here, it is employed to estimate the validity of
the present CFD model.

YC  Ysat  YC

(6)

For the reference BF, the “measured” residual carbon appetite was calculated according to eq. 6
on the basis of the daily average temperature and carbon content of tapped hot metal. The
dependence of the measured residual carbon appetite on daily hot metal production rate during
40 consecutive operating days are illustrated in Fig. 3, where the corresponding results of 5
simulation cases are also depicted. It should be pointed out that, during those 40 operating days,
readings of the thermocouples embedded in the hearth sidewall varied smoothly on a relatively
11

low level. This indicates that permeability deterioration (i.e., clogging) in the deadman center,
which is usually reflected by the extent of hearth circumferential flow and hence sidewall
temperatures, was not serious during those 40 operating days. Therefore, the deadman porosity
ratio was given a high value of 0.75 in the 5 simulation cases of which the results are shown in
Fig. 3. The reasonable agreement between the measured and simulated dependence of residual
carbon appetite on hot metal production rate, which can be readily observed in Fig. 3, thus
demonstrates the accuracy of the present CFD model.

Fig. 3 Dependence of residual carbon appetite on hot metal production rate (β = 0.75)
3.3 Detailed Analysis
In the BF hearth, hot metal picks up carbon from the adjacent deadman coke when flowing
towards the taphole. From a theoretical point of view, the extent to which such interphase species
transport (i.e., carbonization of hot metal by the deadman coke) develops is governed primarily
by the liquid-solid contact area as well as the liquid velocity dependent mass transfer coefficient
and liquid residence time.
The influence of hot metal production rate on the carbonization process is illuminated in Fig. 3,
where it is clearly shown that an increase in the production rate spawns an increase in the residual
carbon appetite, i.e., a decrease in the carbon content of hot metal according to eq. 6. For the 5
simulation cases in Fig. 3, differences in the liquid-solid contact area are rather limited because
configurations of the deadman are identical (i.e., a fixed β) and volumes of the coke-free zone
vary only within a narrow range (i.e., 4.94 m3 ~ 5.89 m3). With an increased production rate (i.e.,
the liquid velocity is increased), the mass transfer coefficient becomes greater. On the flip side,
however, increasing the production rate shortens the residence time of hot metal, thus impairing
12

the carbonization. For this reason, the carbonization extent of hot metal depends on the
competition between the positive effect owing to the increase in the mass transfer coefficient and
the negative one because of the decrease in the liquid residence time. The relationship between
the production rate and carbon content of hot metal depicted in Fig. 3 therefore implies that the
carbonization process is determined dominantly by the residence time of hot metal under typical
operating conditions in the 40-day period of the reference BF.
In order to shed more light on the carbonization process within the BF hearth, the contour of hot
metal carbon content on the symmetric plane of the hearth is presented in Fig. 4 for the simulation
case where Mir = 3400 t/d and β = 0.75. It can be found in the figure that hot metal carbon content
is higher in the low-permeability central region where compared to the peripheral region of highpermeability the liquid-solid area is bigger and the liquid residence time is longer because the
local liquid velocity is lower as a result of a higher flow resistance.

Fig. 4 Contour of hot metal carbon content on the symmetric plane of the hearth (Mir = 3400 t/d
and β = 0.75)

Figure 5 further displays the contours of hot metal carbon content on different horizontal planes
for the same simulation case. Again, hot metal carbon content is generally higher in the lowpermeability central region compared with that in the peripheral region of high-permeability.
More interestingly, however, it is illustrated that the difference in the carbon content between the
13

central and the peripheral regions tends to decrease as the horizontal plane is located deeper
beneath the taphole level, thus yielding a more uniform distribution of carbon content.

Fig. 5 Contours of hot metal carbon content on different horizontal planes (Mir = 3400 t/d and β
= 0.75)

The cause of the phenomenon in Fig. 5 is that in a deeper location beneath the taphole level the
residence time of hot metal in the peripheral region increases since the traveling distance
becomes longer while the flowing velocity decreases. Also, the phenomenon in Fig.5 could be
explained by analyzing the influence of residence time on the mixing of fluid elements with
different carbon contents. When traveling more deeply in the hearth sump (i.e., the region
beneath the taphole level), hot metal penetrating (downwards) through the central region
gradually tends to flow within the surrounding peripheral region towards the taphole. This
statement is substantiated by the flow pattern displayed in Fig. 6, where the streamlines of hot
14

metal were obtained by releasing a group of virtual inert particles from the top orthogonal line
of the central region. It can therefore be deduced that the high-carbon-content liquid elements of
hot metal from the central region have to mix with the low-carbon-content elements in the
peripheral region. Apparently, a longer residence time in the peripheral region can facilitate the
local mixing and, in turn, lead to a more uniform distribution of carbon content.

Fig. 6 Streamlines of hot metal in the hearth (Mir = 3400 t/d and β = 0.75)

Figure 7 outlines the dependence of (tapped) hot metal carbon content on the deadman porosity
ratio that quantifies the extent to which the deadman center is clogged. It can be seen that as the
deadman center is more clogged (i.e., the porosity ratio is reduced) the carbon content of hot
metal becomes lower. This is in good coincidence with the results presented in Fig. 8, where it
is demonstrated that the carbon content in the peripheral region decreases when the deadman
porosity ratio is reduced, indicating a lower carbonization extent within the hearth. Also, some
supporting evidence for the finding shown in Fig. 7 was reported by Raipala,[16] who mentioned
that a declined carbon content of tapped hot metal is usually regarded as a symptom intimately
linked with clogging of deadman center in the BF hearth. It can therefore be concluded that
severe deterioration of permeability in the deadman center is considerably detrimental not only
because of the induced circumferential flow that is responsible for hearth lining erosion, but also
due to the low uniformity of carbon content distribution that could cause unexpected variations
in hot metal carbon content during tapping.
15

Fig. 7 Dependence of hot metal carbon content on deadman porosity ratio (Mir = 3400 t/d)

Fig. 8 Contours of hot metal carbon content on the horizontal plane 0.5 m beneath the taphole
level under different deadman porosity ratios (Mir = 3400 t/d)
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The influence of deadman porosity ratio on hot metal carbon content (as depicted in Fig. 7) can
be explained based on the associated flow resistance ratio. If the deadman center is more clogged,
the flow resistance ratio between the central and peripheral regions becomes greater and more
hot metal prefers to pass through the peripheral region, where the liquid-solid contact area is
smaller. Also, the residence time in the peripheral region is shortened due to an increased liquid
flow rate. In such a circumstance, the carbonization extent in the hearth and thus the carbon
content of tapped hot metal are inevitably lowered. In order to substantiate this hypothesis, an
orthogonal sampling section in the peripheral region, as illustrated in Fig. 6, was constructed.
The dependence of hot metal mass flux through the orthogonal sampling section on the deadman
porosity ratio is presented in Fig. 9, where it can be deduced that more hot metal tends to flow
through the peripheral region if the deadman center is more clogged.

Fig. 9 Dependence of hot metal mass flux through orthogonal sampling section on deadman
porosity ratio (Mir = 3400 t/d)

4. Concluding Remarks and Future Prospects
A CFD model for providing an overall picture of hot metal carbonization by the deadman coke
in the BF hearth has been established. The main assumptions and simplifications, as well as the
governing equations regarding momentum and species transport were outlined in detail. The
model was utilized to simulate the carbonization process in the one-taphole hearth of an
industrial BF. When comparing the dependence of the residual carbon appetite on hot metal
production rate calculated using measured data from the industrial BF and the corresponding
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simulated results, a reasonable agreement was found, indicating that the CFD model has a
sufficient accuracy. The most useful feature of the model is its potential for what-if analysis of
how different factors affect the carbonization process. This, in turn, makes it helpful for the BF
operator to gain deeper insight into the complicated phenomenon. In the present work,
specifically, a set of simulation cases were performed in order to clarify the influence of hot
metal production rate and deadman porosity ratio that can be used to quantify the extent to which
the deadman center is clogged. It has been demonstrated that an increase in the production rate
generally yields a decrease in the carbonization extent in the hearth, thus leading to a lower
carbon content of tapped hot metal. Moreover, the results showed that a decrease in the carbon
content of tapped hot metal can also stem from a dead man with a more clogged center.
In a forthcoming work, sensitivity studies involving more factors will be undertaken using the
CFD model. As for future development, the model will be integrated with the previous one[9]
where refractory erosion and skull buildup were both taken into account primarily by a
customized iterative algorithm on the basis of calculated fluid flow and temperature distribution
in the BF hearth.

Acknowledgements
The authors would like to express their gratitude to the National Science Foundation of China
(Grants 51604068, 51574064, 51504056) and the Fundamental Research Funds for the Central
Universities (N182504012), for financially supporting this work.

References
[1] K. Raipala, Dr. Thesis, Helsinki University of Technology, Finland, 2004, 59.
[2] V. Panjkovic, J. S. Truelove and P. Zulli, Ironmaking and Steelmaking, 2002, 29, 390.
[3] J. Torrkulla, J. Brännbacka H. Saxén and M. Waller, ISIJ Int., 2002, 42, 504.
[4] J. Brännbacka and H. Saxén, Chem. Eng. Sci., 2004, 59, 3423.
[5] J. Brännbacka, J. Torrkulla and H. Saxén, Ironmaking and Steelmaking, 2005, 32, 479.
[6] B. Guo, D. Maldonado, P. Zulli and A. Yu, ISIJ Int., 2008, 48, 1676.
[7] C. M. Chang, W. T. Cheng, C. E. Huang and S. W. Du, Int. Commun. Heat Mass, 2009, 36,
480.
[8] L. Shao and H. Saxén, Steel Res. Int., 2012, 83, 878.

18

[9] L. Shao, S. Yu, S. Louhenkilpi, Z. Zou and H. Saxén, AISTech Conf. Proc., Cleve
land, OH, 2015, 864.
[10] X. F. Dong and P. Zulli, Ironmaking and Steelmaking, 2019, DOI: 10.1080/030192
33.2018.1561385.
[11] M. J. Luomala, O. J. Mattila, and J. J. Härkki, Scand. J. metall., 2001, 30, 225.
[12] A. Shinotake, M. Ichida, H. Ootsuka, and Y. Kurita, Tetsu-to-Hagané, 2003, 89, 57
3.
[13] T. Nouchi, M. Yasui, and K. Takeda, ISIJ Int., 2003, 43, 175.
[14] T. Inada, A. Kasai, K. Nakano, S. Komatsu, and A. Ogawa, ISIJ Int., 2009, 49, 4
70.
[15] Y. Li, S. Cheng, P. Zhang, and S. Zhou, ISIJ Int., 2015, 55, 2332.
[16] K. Raipala, Scand. J. of Metall., 2000, 29, 39.
[17] P. Negro, C. Petit, A. Urvoy, D. Sert, and H. Pierret, Revue de Métallurgie, 2001,
98, 521.
[18] S. J. Zhang, A. B. Yu, P. Zulli, B. Wright and P. Austin, Appl. Math. Model, 200
2, 26, 141.
[19] A. K. Vats and S. K. Dash, Ironmaking and Steelmaking, 2000, 27, 123.
[20] S. K. Dash, D. N. Jha, S. K. Ajmani and A. Upadhyaya, Ironmaking and Steelma
king, 2004, 31, 207.
[21] A. Kasai, J. Kiguchi, T. Kamijo, and M. Shimizu, Tetsu-to-Hagané, 1998, 84, 9.
[22] H. Sun, ISIJ Int., 2005, 45, 1482.
[23] P. N. Dwivedi and S. N. Upadhyay, Ind. Eng. Chem. Process Des. Dev., 1977, 16,
157.
[24] F. R. Menter, AIAA J., 1994, 32, 1598.
[25] I. Jimbo and A. W. Cramb, Metall. Trans., 1993, 24B, 5.
[26] W. F. Gale and T. C. Totemeiter, Smithells Metals Reference Book (8th ed.), Elsevier
Butterworth-Heinemann, 2004, 11.
[27] J. Yagi, K. Takeda and Y. Omori, Trans. ISIJ, 1982, 22, 884.
[28] Y. Wanibe, S. Takai, T. Fujisawa and H. Sakao, Trans. ISIJ, 1982, 22, 560.

19

