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Abstract

The campaign life of a modern blast furnace is determined by the residual thickness of the refractory in the hearth. A new method-
ology is established to predict the inner profile of a blast furnace during operation. This methodology combines 3-D CFD model, which
is used to predict the hot face temperature for a given inner profile, and a 1-D heat transfer model, which is used to predict and fine tune
the inner profile. The effectiveness of this methodology has been demonstrated by its application to one blast furnace with good agree-

ment between predicted and measured temperatures.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The blast furnace is the main industrial unit for iron-
making. A longer campaign life can significantly lower
the costs for production and increase productivity by
reducing the downtime and capital costs for the relines.
A crucial region of the furnace is its hearth located at its
bottom in which the liquid iron and slag are collected
and tapped out. The life span of a blast furnace is mainly
determined by the residual thickness of the refractory lin-
ing in the hearth which depends on progress of the hearth
lining erosion. The hearth lining erosion is significantly
affected by the hot metal flow patterns and heat transfer
through the refractory which are dependent on the furnace
operating conditions. To extend the blast furnace cam-
paign life, it is important to adjust operating conditions
to reduce the hearth lining erosion [1]. Therefore, it is crit-
ical to monitor the hearth refractory thickness and the
inner profile [2,3]. The inner profile is defined by the hot
face profile of the hearth lining and hearth skull if it is
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formed on the hearth lining. In the other words, the inner
profile is the profile of the interface between the liquid
phase and the solid side wall and bottom which may be
the refractory lining or the hearth skull. The inner profile
changes over time due to the erosion or skull build-up.
Due to the difficulty in making measurements inside the
hearth, novel approaches to predict the inner profile of a
hearth is desired. Recently, with the advancement of com-
putational technologies, efforts have been made to use com-
putational fluid dynamics (CFD) modeling to elucidate the
internal conditions of the blast furnace hearth. The mathe-
matical modeling of hot metal flow and heat transfer in the
blast furnace hearth started 20 years ago. In the early mod-
els, the flow inside the hearth was decoupled with the heat
transfer in the refractories. A CFD model without conju-
gate heat transfer was developed to investigate the recircu-
latory flow induced by natural convection and its effect on
dissolution of carbonaceous refractories into the melt [4].
It considered a situation where the taphole was plugged,
and assumed the hearth to be coke free. A hearth erosion
model was made by assuming that the erosion is caused
by carbon dissolution only [5] and was validated using
a 2-D water model. Tachimori [6] and Ohno et al. [7]
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Nomenclature

Hpg,x  measurement heat flux

Kcp carbon brick thermal conductivity
Kgp fire brick thermal conductivity
Ky skull thermal conductivity

Rcp carbon brick thermal resistance
Rrp fire brick thermal resistance

Ry skull thermal resistance
rCB carbon brick radius
I'FB fire brick radius

F'HF hot face radius

reean  Skull radius

Tcr interface temperature between fire brick and
carbon brick

Trp interface temperature between fire brick and
skull

Tur hot face temperature

Tar CFD temperature at deep position

Tqm  deep thermocouple measurement temperature

Told.face temperature at old hot face position

Tsr CFD temperature at shallow position
Tsm  shallow thermocouple measurement tempera-
ture

undertook a pioneering effort to develop the relationship
between hot metal flow and heat transfer in the hearth.
Later, a model was developed and applied to analyze the
hearth flow and the refractory heat transfer together using
very coarse computational grids [8]. Recently, a CFD model
was applied to a real commercial blast furnace for predict-
ing the fluid flow pattern and temperature profiles in the hot
metal and the hearth refractories using the general commer-
cial CFD package CFX [9]. The model was evaluated using
plant data and was used to conduct a series of parametric
studies. Similar studies were made to simulate the same
blast furnace to predict the shear stress and heat flux on
the wall using the FLUENT package [3]. In both simula-
tions, however, the fixed temperature boundary conditions
were specified on the side and bottom refractory walls and
the computational domain was assumed symmetric [3,9].

For all the existing CFD models, the main focus has been
on hot metal flow characteristics at different operating and
geometric conditions. The estimation of the inner profile of
a blast furnace hearth has reply on the calculations based on
heat transfer through refractory and measure refractory
temperatures [8,10-12]. A few attempts have been made
to use CFD models to estimate the hearth inner profile
[3,13] with a number of assumptions such as symmetrical
geometry and given hot face temperature and hearth
drainages.

Recently, a truly 3-D CFD model was developed to sim-
ulate the hot flows of hot metal and molten slag [14] in the
hearth along with the detailed temperature distributions in
the liquid phases and the wearing linings [15-20]. The
detailed hearth temperature results showed that the tem-
peratures of the hot face vary with the locations in a wide
range rather than a uniform distribution assumed by other
researchers. This finding implies that non-uniform hot face
temperatures should be used for the estimation of the inner
profile. The truly 3-D model has provided a valuable tool
to investigate the flow patterns and heat transfer inside
the hearth and refractory at different operating condition.
It can, however, be used only for a given inner profile. In
order to provide a more accurate and efficient method for
predicting the erosion and inner profiles, a new methodol-

ogy has been established for predicting the inner profile.
The principle of this new methodology is using the 3-D
CFD model to predict the hot face temperatures based
on the give inner profile and using the 1-D heat transfer
model to predict the hot face position according to the
measured refractory temperatures and the material proper-
ties of the hearth except the corner areas. This methodol-
ogy provides more accurate predictions by using real
non-uniform hot face temperatures and saves the computer
time significantly for the 3-D inner profile calculation,
which makes it possible and practicable to predict the inner
profile of a real blast furnace at different operating time
periods. The details of the methodology and results are
described in the following sections.

2. Methodology

Fig. 1a shows the hearth structure of the Inland Harbor
(IH) No. 7 Blast Furnace of Mittal Steel USA. The hearth
is occupied by hot metal (liquid iron and carbon alloy),
molten slag, active coke bed, and deadman. The refractory
of the hearth is lined with carbon blocks along with two
layers of ceramic pads on the top of the hearth bottom. Ini-
tially, there is a protection layer, i.e., blow-in lining, of
114 mm thickness on the sidewall and the bottom of the
hearth for the start-up of the new built blast furnace. Dur-
ing operation, the hearth lining will be eroded due to var-
ious mechanisms, such as chemical reaction between the
brick and hot metal and molten slag, the alkali and zinc
attack, and the thermal stresses, etc. On the other hand,
the hearth skulls, mainly coke, slag and iron, may also
build-up on the hot face of the hearth linings. The hearth
lining erosion and the skull buildup are affected by flow
and heat transfer conditions.

The 3-D CFD hearth model, which simulates the hot
metal flow and temperature distributions inside a hearth
as well as conjugate heat transfer through solid walls, can
provide the temperatures at the hot face, which is also
called the inner profile or the interface between the liquid
and the hearth linings or the hearth skull [16]. However
the hot face position, i.e. the inner profile needs be specified
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Fig. 1. Blast furnace hearth.

as the internal boundary for the 3-D CFD hearth simula-
tion. Theoretically, the 3-D inner profile can be adjusted
in a proper way to make the computed temperature profiles
exactly match the measured temperatures, however, it is
very time consuming and almost impossible to predict the
inner profile of a real blast furnace hearth on today’s PC.
Fortunately, as shown in Fig. 1b, the 3-D CFD simulations
show that the heat flux paths through the linings of a
hearth with sidewall and bottom cooling are the “1-D”
straight lines in the most area except the taphole and the
corner areas. This fact make it possible to predict the inner
profile through the “1-D” (cylindrically) inverse heat trans-
fer calculation based on the hot face temperatures and
refractory temperatures measured near the cold end of
the hearth linings for the most area. The inner profile in
taphole and corner areas is adjusted separately.

The detailed procedure of this new methodology is illus-
trated in Fig. 2 and described in the following:

1. Use the 3-D CFD heath model to calculate hot metal
flow and the temperature distributions in the hearth
and determine the hot face temperature based on a given
inner profile.

2. Apply the 1-D inverse heat transfer calculation to mod-
ify the interface position and get a new inner profile for
the area other than the corners based on the hot face
temperatures obtained in step 1.

3. Repeat steps 1 and 2 until the hot face temperatures are
converged.

4. Fine tune the inner profile until the CFD predicted tem-
peratures match the temperatures measured by all the
thermocouples.

This methodology can be used to predict the inner pro-
file of a blast furnace hearth accurately and efficiently.

3. 3-D CFD model

The 3-D CFD model solves the governing equations of
the flow properties and heat transfer on a computational
grid with specified boundary and initial conditions
[16,17]. As shown in Fig. la, the calculation domain is
divided by different zones [17], i.¢., the free zone, coke zone,
dead zone, carbon brick zone, ceramic pads, and fire brick
zone (blow-in lining). The deadman position, which may sit
on the hearth floor or float in the hot metal, can be
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Fig. 2. Methodology for predicting the erosion and inner profile of the hearth.

predicted using the temperatures measured by the thermo-
couples embedded at the hearth bottom lining. In this
study, it is assumed that the deadman is sitting on the bot-
tom of the hearth. The deadman is porous based on the
industrial observations [1], however most of the pores are
not permeable to the liquid because they are closed or
opened at only a single side. Those pores are opened at
least on two sides and allow liquid flow through them are
denoted as permeable pores and their volume fraction is
named as permeable porosity. Different zones have differ-
ent permeable porosity (e,). For the free zone, the perme-
able porosity is given as 0.8, the coke zone porosity is
assumed as 0.5, and the dead zone is not permeable to
the liquid. This assumption is based on the industrial
observations [1]. All the hearth linings are designed and
constructed as not permeable to the hot metal.

In the CFD simulations, the hearth is considered to be
at steady state with a given hot metal flow rate. The free
surface of the hot metal is assumed flat and horizontal.
Conjugate heat transfer is included. Natural convection is
not considered in the momentum equation. The governing
equations of flow properties are derived from fundamental
conservation laws and relevant state relations. The equa-
tions of mass, momentum, enthalpy are all elliptic partial
differential equations. For convenience in numerical for-
mulation, these equations are presented in the common
form as Eq. (1).

3

0 . g\
Za(ﬂ”téréa—x) =S¢ (1)

i=1

where ¢ is a general flow property, x;, i = 1,3 are coordi-
nates, u;, i = 1,3 are velocity components, I is effective dif-
fusivity, and S; is the sum of source terms. For the region

Temperature (C degree)

40
October 13, 2003

October 19, 2003 October 25, 2003

Date

Fig. 3. An example of the temperature history recorded by a
thermocouple.

with permeable porosity permeability between 0 and 1, the
special treatment of the porous medium in the governing
equations can be found in the previous publication [16].
In the dead zone, since the permeable porosity is zero,
the velocity in this region is zero.

The hearth lining erosion process is very slow. It can be
predicted weekly or monthly even periodically according
the hearth temperature changes. Fig. 3 shows an example
of the hearth sidewall temperatures in the first simulation
period measured by a thermocouple which is embedded
near the cold face of the carbon bricks.

4. 1-D Heat transfer model

Inverse heat transfer models are widely applied to solve
different industrial problems. Huang et al. developed a
method to predict the heat flux distributions in cutting
tools [21]. Hills et al. used 1-D inverse heat transfer calcu-
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lation to estimate the surface temperature and heat flux
from temperature measurements at subsurface locations
[22]. Dai et al. applied inverse heat transfer method to ana-
lyze the solid-layer growth from melt crystallization [23]. In
this paper a special 1-D inverse heat transfer model is
developed to estimate the inner profile of the hearth in
combination with a 3-D CFD model.

Based on 3-D CFD simulation results, heat transfer
through the side and bottom walls can be assumed as
one-dimensional in most areas. With this assumption, a
one-dimensional Fourier’s Law in cylindrical coordinate
system is used to estimate the refractory and skull thickness
in the hearth. Fig. 4 shows the side wall structures at differ-
ent situations. In general, the side wall is composed of three
materials or layers which are the carbon brick (CB), fire
brick (FB), and skull. Tyr and ryp are the temperature
and radius of the hot face, respectively. In addition, T,
is the shallow thermocouple temperature, which is located
near the shell, and 7y, is the deep thermocouple tempera-
ture, which is in farther distance from the shell. The one-
dimensional steady-state Fourier’s Law in cylindrical coor-
dinates, with no heat generation, is shown in Eq. (2). The
one-dimensional steady-state Fourier’s Law in cylindrical
coordinates, with no heat generation, is shown in Eq. (2)

H= —kA((ii—T, where 4 = 2nrL (2)
r

The side wall structure can be divided up into four sections,
¢, thru ¢4 as shown in Fig. 4a. The heat fluxes in each sec-
tion can be calculated by Eqgs. (3)—(6).

_ 2TCL(THF — T]:B)

H, (3)
1 r
ksicunt In (ﬁ)
H2 _ 2TCL(TFB — TCB) (4)
1 X
H 2TEL(TCB — Td,m) (5)
3= 7 N
1 r
o In (ﬁ)
2nL(Tym — Tom) ©

Hy=—m"——-—"
t In (:—;)
Based on the 1-D steady-state heat transfer model, the heat
balance can be obtained as follows:
H =H,=H,=H, (7)
Solving above equations yields:

Tur — Tam  Tam — Tsm
Lin (%) + - In (é) — (g) Ln (—D)
The hot face radius, ryp, can be obtained by rearranging
Eq. (8):

(®)

I'rB

(TuE—Tam) { ket rs ksicui rcB Kskult D
exp [(Td.mfrsm) ke In D kep In FB kcp In rcB

(9a)

Eq. (9a) gives the hot face radius when the skull is building
up on the inner surface of firebrick as displayed in Fig. 4a.
If the erosion happens inside the firebrick as shown in
Fig. 5b, the hot face radius is calculated by Eq. (9b).

rHF = THF*Td kFB rCB ¥ kFB D (9b)
exp [(ﬁd_mnﬁm) kep 1D (—) ~ig I (—)}
If firebrick is totally gone due to erosion and skull is build-

ing up on the inner surface of carbon brick as shown in
Fig. 5c, the hot face radius is calculated by Eq. (9¢)

o — (9%)

(Tar—Tam) (Lln (:*S))
eXp < AP/ L In (LD) kgeun

(Tam=Tsm) kcn rcB

If the carbon brick starts to be eroded as illustrated in
Fig. 5d, the hot face radius is calculated by Eq. (9d).

D
"HF = rs \ THF—Tdm (9d)
eXp |:1n (B) Td,m*Ts.mi|
In the simulations, all the 4 possible situations are consid-
ered and the proper equations are used to calculate the hot
face positions in the side walls. The equations for the hot

face calculations at the bottom are very similar to those
in the side walls.

5. 1-D Fine tuning procedure

The hot face temperatures can be obtained after several
iterations in the steps 1 and 2 as described in the method-
ology section. In order to adjust the hot face position more
effectively, a fine tuning procedure is established based on
the 1-D heat transfer model. Fig. 5 summarizes all different
situations where the fine tuning procedure can be applied.
Due to the space limitation, only one situation, which is
illustrated in Fig. 6a, is described in the following. Based
on the measured temperatures, the heat flux for a given
location can be calculated by Eq. (10):

Td,m - Ts,m

)

Assuming Ry, and RY,, as the thermal resistance between
the old and new hot face and the tip of the deep thermo-
couple respectively, and Rg,, and Ry, as the thermal resis-
tance between the old and new hot face positions and the
tip of the shallow thermocouple respectively, the following

equations can be derived:

Hpyux = (10)

Tur = Tar + Huw X ROy (11)
T = Tam + Hux X RR, (12)
Tur = Tsp + Huu X Ry (13)
Tur = Tsm + Huux X Ry, (14)

Solving Egs. (11)~(14), the thermal resistances, Ry, and
RS..., can be obtained by Eqgs. (15) and (16) respectively.

New>
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Substituting Egs. (17) and (18) into Eq. (15) and rearrang-
ing it, the following equation can be obtained:

Td,m*Ts,m o Td,f*Td,m (19)

1 n)) 1 THE _New D
Kca (ln (m)) Kku (111 ( THF old ))

Solving Eq. (19) based on the deep thermocouple, the new
hot face radius can be calculated in Eq. (20)

- "HF_Old
VHF New_D = Kt ¢ 1 (2 Tar—Tam (20)
eXp Kcp x rd X Tagm—Tsm
Similarly,
1 rCB> 1 (”S) 1 ( TFB )
R =—1In[—2)+—1In({—)+ In
o krp (FHF kcn rcB kesiun VHF_Old
(21)
and
1 rCB> 1 (rs) 1 ( T'EB )
Ryyy=—Mh(—=)+—In(—)+ In
N krg (V HF kcs rcB kgcunt VHF _New_S
(22)

Substituting Eqgs. (21) and (22) into Eq. (16) and rearrang-
ing it, gives

Td,m - Ts,m _ Ts,f - Ts,m (23)

1 s 1 THF_New.S
Kcp (11’1 (rd)) Kokun (11’1 ( THF old ))

Solving Eq. (23), the following equation can be obtained.

V'HF o0ld
2 — (24)
Keunl 2 sf—{sm
exp (g n (1) x 7 7)

The final hot face position can be obtained by averaging
Egs. (20) and (24).

FHF_New_S =

r eW_ + r —INew _,
P ("HE New_D . HF_New_S ) (25)

The fine tuning procedure described above can be applied
to local areas which have large differences between the pre-

120

90 =
%)
= 60
= n [

309 ——cFD

W Measurement
0 T T
4 5 [ 7

distance from the inlet (m)
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dicted and measured temperatures. This fine tuning proce-
dure can improve the accuracy significantly except for the
areas near the corners. Since the heat transfer process is
not one-dimensional in the corner areas, additional two-
dimensional or three-dimensional fine tuning procedures
are needed. A preliminary 2-D fine tuning procedure has
been developed. The principle of the 2-D corner tuning is
similar to that of 1-D fine tuning. Due to the space limit,
the details of this procedure and its further refinement will
be presented in the future work.

6. Results and discussion
6.1. Validation of 3-D CFD hearth model

The 3-D CFD model was validated by comparing the
calculated and measured flow velocities in a water model
[18]. Good agreements have been obtained between CFD
results and experimental data [19]. The measurements in
a real blast furnace, Mittal IH7, were also used to validate
the CFD model. Fig. 6 displays the inner profile of the IH7
blast furnace at its campaign end of 2003, which was mea-
sured during the hearth demolishment for the furnace
reline. During the operation, there were 5 thermocouple
groups which named A, B, C, D, and E respectively embed-
ded in the refractory at different elevations to record refrac-
tory temperatures. CFD simulation was conducted using
the given inner profile and comparisons were made
between the predicted and measured temperatures at the
end of the campaign in 2003 as shown in Fig. 7. It illus-
trates that, since the inner profile of the hearth is accurately
known, the CFD predicted temperatures based on this
known inner profile matched the thermocouple measured
results very well [20].

6.2. Prediction of the inner profile

The methodology presented above has been applied to
predict the inner profiles of the new Mittal Steel IH7 Blast
Furnace at different time periods after the major relining in
October 2003. 298 thermocouples are installed on the side-
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]
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Fig. 7. The comparison between CFD predicted and thermocouple measured.
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walls and bottom of the hearth at the locations inside the
carbon blocks and near the cold faces as shown in Fig. 8.

Figs. 9-12 present the predicted results for the first
month of operation after the major relining of the IH7
blast furnace. The prediction of hearth inner profile of
IH7 blast furnace after the first month operation was
started from the brand new hearth without any erosion
and nor skull on the inner face of the hearth, which is called
the baseline case with the fresh geometry. A few iterations
of simulations were made using the developed methodol-
ogy to predict the inner profile. Fig. 9 illustrates the aver-
age hot face temperature as a function of height for
different iterations. It shows that the hot face temperatures
do not change and are converged after three iterations. The
hot face temperature is non-uniform and decreases from
top to bottom along the height due to the heat loss through
the side walls. The results suggest that it is important to
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Fig. 9. Average hot face temperatures.

consider the non-uniform distributions of the hot face
temperatures.

Fig. 10a and b shows the predicted inner profiles after
three iterations, which is called case A, and fine tuning,
which is called case B, respectively after the first month
operation, i.e., at the end of October 2003. In both figures,
there is skull formation on both sidewall and bottom of the
hearth. The skull thickness in case B (after fine tunings) is
thinner than that in case A (after three iterations). The fine
tuned regions are highlighted with circles. Figs. 11a—c are
the parity plots for the baseline case with fresh geometry
and cases A and B. The dots are the comparisons between
measured and predicted temperatures at all the thermocou-
ple locations and the dashed line represents a perfect
match. If predicted temperatures are greater than measured
temperatures, the hearth lining thickness will be under pre-
dicted, and vice versa. In the baseline case, the fresh geom-
etry without skull was used in the CFD simulation.
Obviously, the predicted temperatures are higher than
those in reality, which indicates the skull must have been
built up. In case B, the skull is built up but the thickness
is overestimated. Therefore, the predicted temperatures
are lower than measured ones in many locations. After fine
tuning, the skull thickness becomes thinner and the pre-
dicted temperatures are more accurate as shown in
Fig. 11c. The final inner profile indicates the firebrick still
exists and no hearth erosion in the first month of operation
of the blast furnace. Table 1 shows examples of the per-
centage difference between predicted and measured temper-
atures. Averaged differences for all the thermocouples at
three levels (A, B, and C) indicate that the differences

(a) Inner profile after three iterations

(b) 3-Inner profile after fine tunings

Fig. 10. Predicted inner profiles at a vertical plane through the taphole in the first month of operation (October 2003).
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Fig. 11. Comparison be between measured and calculated temperatures.

significantly reduced in each iteration step. The difference is
the largest at level A because it is near the corner region.
Although this difference at level A is acceptable, a more

(a) Top view

Table 1
Examples of percentage difference between predicted and measured
temperatures at different steps

Thermocouple Distance Average % difference
group from inlet Baseline Case A Case B
(m) case (fresh (after three (after fine
geometry) iterations) tuning)
Level A 3.67 28.98 16.49 10.52
Level B 2.97 27.76 15.95 8.93
Level C 2.17 26.46 16.13 4.44

efficient method to treat the corner region still needs to
be developed in the future fro more accurate predictions.
The average percentage difference between predicted and
measured temperatures for all the thermocouples is 9.8%
after the fine turning.

Figs. 12a and b show the inner profile and velocity vec-
tors in a side and a top view respectively. In the figure, x is
along the vertical direction, z is along the horizontal direc-
tion toward the tap hole and y is along the horizontal direc-
tion perpendicular to x and z directions. The top view
displays that the inner profile is truly 3-D in nature and a
ring shaped channel flow. Since the center dead zone is
not permeable to the fluid, the hot metal is not able to flow
through the deadman directly to the taphole and can only
travel through more porous zones peripherally. In the side
view, the hot metal enters the hearth vertically from the top
with a very small velocity. In the regions near the taphole,
it is directly drained out and the velocity is relatively large.
In contrast, velocities of hot metal flow are very low near
the deadman region and at the corner opposite to the
taphole.

Figs. 13 and 14 show the finalized predictions of the
hearth inner profiles of IH7 blast furnace at the end of
December 2003 and January 2004 respectively. It shows
that skull is first built up and then melted in most of the
regions. At the end of January, the firebrick disappeared
and carbon blocks started to be eroded at the side wall near
the taphoel level. Although the dead zone is assumed to be
sitting on the bottom skull, the ceramic pads bottom

 —
0.001 mls

(b) Side view

Fig. 12. Inner profile and velocity vectors.
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(a) At a vertical plan through taphole

; n

(b) At a vertical plan with 90 degree from taphole

Fig. 13. Predicted inner profile at the end of December, 2003.

-

(a) At a vertical plan through taphole

i i

(b) At a vertical plan with 90 degree from taphole

Fig. 14. Predicted inner profile at the end of January, 2004.

seemed to be eroded too. More detailed analysis for the
dead zone position needs to be done in the future.

7. Conclusions

A methodology has been developed which integrates the
3-D CFD model and the 1-D heat transfer model to esti-
mate and analyze the erosion and inner profile of a blast
furnace hearth. This methodology is computationally effi-
cient and reasonably accurate. It makes possible to predict
the hearth erosion and inner profile for real blast furnace in
operation. Its application to a real blast furnace showed
good agreements between predicted and measured refrac-
tory temperatures and displayed the inner hearth profiles
at the first few months of operation of a new blast furnace
hearth. Simulations will be continued for predicting the
inner hearth profile at different operation time periods.

More effective fining tuning procedure for the corner areas
will be developed.
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