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ABSTRACT

There is a world wide initiative to extend blast
furnace campaigns to defer capital expenditures
and reduce production costs. Most efforts to
accomplish this goal at BHP Steel are focussed
on the hearth. The wear of hearth refractory
has the greatest influence over the life of the
furnace. One aspect of this asset life extension
program is the development of a model for
computing hearth conditions of typical blast
furnace operations. This CFD application is
complicated by its wide range of geometric
scales (60 mm taphole and 10 m hearth),
porous flow, thermal stratification,
solidification, and conjugate heat transfer.

Commercial software TASCflow™ has been
used to compute iron flow and temperature
fields. Refractory wear was predicted based on
laboratory measurements. This hearth model
has been used to simulate blast furnace
operations and to estimate the effects of
changing conditions on hearth wear. It has
proved to be a useful tool to develop
operational strategies which control wear.

NOMENCLATURE

Morphology constant

Coke diameter

Heat transfer coefficient
Effective mass transfer parameter
Heat flux

Temperature

Temperature - liquidus
Temperature - solidus

Local interstitial fluid velocity
Small constant - for stability
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Density
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v Shear stress at iron - refractory
interface in blast furnace hearth

Reference shear stress based on the
rotating disc experiment
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1. INTRODUCTION
There is a growing world wide initiative to
extend the life of an iron blast furnace to
campaigns of 15 to 20 years. The condition of
the hearth refractory is the limiting factor in the
life of a blast furnace so operating the furnace
to control and minimise refractory wear results
in a direct benefit in an extended campaign.
This project was initiated to investigate how
blast furnace operations influence refractory
wear using a three dimensional computational
model of the iron blast furnace.

A commercial computational fluid dynamic
(CFD) package, TASCflow, was used to solve
for iron flow and heat transfer and to predict
refractory wear in the hearth of a blast furnace.
TASCflow uses a hybrid finite volume and
finite element method which solves the three
dimensional Reynolds averaged Navier-Stokes
equation for fluid flow within complex
geometries.

The blast furnace hearth used in this study was
the Flat Products Division Port Kembla
Steelworks Blast Furnace 6 (PK6).

2. MODEL DESCRIPTION

This work is an extension of initial studies
completed at BHP Research' and Advanced
Scientific Computing® where an idealised
hearth geometry was used.

2.1 Iron Blast Furnace
A schematic of an iron blast furnace is shown
in Figure 1. Iron oxide, coke, and fluxes are




charged into the top of the shaft. A blast of
heated air and other fuels are introduced
through the blow pipes. The heated air burns
the injected fuels and coke which provide the
energy and reducing gases to transform the iron
oxides to liquid iron. This iron is collected in
the hearth and is removed from the furnace via
the taphole. The unburnt coke makes its way to
the hearth and forms a “deadman”. The
deadman provides the strength to support the
burden of the furnace.

2.2 Hearth Geometry

The dimensions (in mm) of the blast furnace
hearth geometry cross-section are presented in
Figure 2. The complexity of modelling the
blast furnace is inherent in the variation of
scales within the hearth. Adequate resolution
of the grid is included in the small (60 mm
diameter) taphole as well as the large (10 m
diameter) hearth proper and therefore the
computational domain is quite large.

2.2.1 Refractory Regions

The computational grid of the refractory
regions generated using ICEM CFD
Powermesh is shown in Figure 3. This figure
shows the regions in which only heat transfer
was modelled as it did not contain fluid.

2.2.2 Iron and Coke Regions

The hearth refractory contains the molten iron
and the coke deadman. The iron is removed
from the blast furnace through a taphole. The
entire computational domain consisting of
113,566 active nodes is shown in Figure 4.

2.3 Boundary Conditions
The boundary conditions of the problem were
defined with the following properties:

Top Refractory Walls:

The refractory walls at the top of the hearth
(where the hearth is attached to the rest of the
blast furnace) were set to be adiabatic.

Refractory Bottom Wall:
The bottom of the furnace is set at a constant
temperature of 50° C.

Shell Wall:
A heat transfer coefficient (h = 180 W m2 K')?
and a far field temperature was used to specify

a heat flux at the shell of the furnace (T, = 25
°C). The heat flux is defined by the following
equation.

g=h(T -T,)

Fluid Walls:

All refractory walls adjacent to the iron are
modelled as hydrodynamically smooth with the
code ensuring a continuity of temperature
across the interface.

)

Symmetry Wall:

A symmetry wall was used through the vertical
cross section of the hearth through the centre of
the taphole.

Opening Boundary:

The top of the hearth was set as an opening
boundary where the total pressure (10° Pa) and
inlet temperature were specified.

Outflow Boundary:
The mass flowrate of molten iron was set at the
outlet of the taphole.

2.4 Physical Models

Because of the complex nature of the flow in
the hearth of the blast furnace, five physical
models were incorporated into the fluid flow
package. These models include fluid
turbulence, conjugate heat transfer, porous
media losses, solidification of iron in the
hearth, and wear of the refractory.

2.4.1  Fluid Turbulence
The standard two equation k-g turbulence
model was used for this application.

2.4.2 Heat Transfer

The coupled heat transfer between the
refractory and iron regions of the hearth was
modelled using TASCflow’s Conjugate Heat
Transfer (CHT) module. As a result of the
imposed cooling of the hearth, temperature
gradients exists within the furnace inducing
buoyancy driven flow. Natural convection is
modelled using a Boussinesq formulation.

2.4.3  Porous Media Losses

The coke in the hearth is modelled as a packed
bed with a coke diameter of 30 mm which
provides a resistance to flow resulting in
momentum losses. The porous media losses
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were modelled using Ergun’s equation which
describes pressure losses in terms of kinetic
and viscous energy losses.*

VP=—(aV + BV?) o)
where
o= 150u(1-¢) 3)
(d)’
- 175p(1-£) @
ed

2.4.4 Iron Solidification

When the operating conditions of the furnace
cause the interface between the iron and the
refractory to fall below the liquidus
temperature, solidification of iron on the
refractory occurs. Solidification of iron was
modelled in a manner similar to that of porosity
where a source term for the resistance to flow
is proportional to the amount of iron that
solidifies in the control volume. The local
liquid fraction is defined in terms of the local,
solidus, and liquidus temperatures as shown in
Table 1.

Table 1: Volume fraction of liquid as a
function of local temperature

Temperature | Liquid Fraction (Fy,)
T<Ts 0
I.<T<T T-T;
T, -T;
T>T, 1

The resulting momentum loss that was
incorporated in the code is:

VP =—o¥ )
where
1- F,)?
O’=Cm ( g liq) (6)
Fliq'+5

. 24.5 Refractory Wear

Refractory wear rate coefficients were
calculated in the post-processing stage of the
simulation. The equations used in the
refractory wear model were based on work
carried out at BHP Research where a rotating
disc apparatus was used to wear test the carbon
brick refractory BC7S.” Based on the rotating
disc theory, the following equation for wear
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rate coefficient, W, was implemented into the
model.

. %
-
To

The effective mass transfer parameter, &, is a
measure of the rate of dissolution of the
refractory.

] 11344
ko= 2.8956—(—)
e 100“‘{ T } ®)

)

3. PROCESS DESCRIPTION

3.1 Operational Conditions

The following operational conditions were used
in the comparison of model results.

Production Rate (kg metal s™):
P, 80
P, 70
P, 90

Coke Bed Porosity:
g 0.30
g 0.15
gy 045

Deadman Shape:®’
Flat Hy Fully packed heath
H, Floating 250 mm
H, Floating 500 mm
Angled xgq, 8o, Hg
Xos 30, Hy

Sitting - Figure 5
Floating - Figure 6

Iron Level (above the top of taphole, mm):
L, 250
L, 8
L, 500

Iron Temperature (at inlet, °C):
T, 1550
T, 1475
Ty 1625

3.2 Matrix of Runs

A parametric survey was conducted on the
variables described above where each
parameter was varied individually. The results
were then compared to the base case (Run 1-0).




Table 2: Matrix of runs

D P € coke L T
1-0 | Py | & H, Lo | To
1-1 | Py | &0 Hy Lo | T,
1-2 | Po | €0 Hy Lo | Ty
1-3 || Po | €0 Hp L. | To
1-4 | Po | g Hy Ly | To
1-5 | Po | & H, Lo | To
1-6 | Py | & H, Lo | To
1-7 | Po | & | X0, 90 Ho | Lo | To
1-8 | Po | & | X090 Ha | Lo | To
1-9 || Po | & Hy Lo | To
1-10 || Po | &u Ho Lo | To
1-11 | P. | & Ho Lo | To
1-12 | Py | & Ho Lo | To

4. MODEL RESULTS

4.1 Temperature Profiles

The temperature contours in the refractory and
iron regions on the symmetry plane for the base
case is presented in Figures 7 and 8. A
summary plot showing the minimum,
maximum, and average temperatures on the
interface between the iron and refractory for
the entire hearth are shown in Figure 9.

4.2 Streak Lines

The trajectory of particles of zero mass for runs
1-0 and 1-7 are presented in streak plots on the
symmetry plane in Figures 10 and 11. In both
of these figures, the fluid flows down the wall
of the hearth. Buoyancy forces the fluid back
up and into a recirculation zone. In Figure 11,
the fluid circulates in the area where there is
the least resistance to flow, in the coke free
regions.

4.3 Fluid Speed

Speed contours of the iron field on the
symmetry plane is shown for runs 1-0 and 1-7
in Figures 12 and 13. A zone of acceleration is
evident as the fluid approaches the taphole. In
Figure 13, the speed of the fluid in the
recirculation zone in the coke free region is
significant.

4.4 Refractory Wear Coefficient

The refractory wear coefficient [cm s'] for runs
1-0 and 1-7 is plotted in Figures 14 and 15 at
the interface between the iron and refractory.
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A summary plot showing the minimum,
maximum, and average wear rate coefficients
are shown in Figure 16.

5. DISCUSSION

5.1 Natural Convection

Heat is extracted from the outer refractory
walls by stave cooling and from the hearth
bottom by underhearth cooling. The resulting
buoyant iron flow is the dominating flow
characteristic of these simulations. In all but
the run with the low (1475 °C) iron inlet
temperature, a recirculation zone forms at the
base of the furnace opposite the taphole and
extends around the circumference until the
influence of forced convection of the taphole
causes its collapse.

5.2 Effect of Operational Parameters

5.2.1 Temperature

The temperature of the hot metal entering the
hearth influences the ratio of natural convection
to forced convection with observed changes in
the flow field. When temperature is increased,
natural convection is more dominant and
therefore increases the recirculation zone and
the velocity of the metal at the interface of the
iron and refractory. This increased velocity
results in a greater amount of refractory wear.

5.2.2  Height of Iron Above Taphole

The influence of the height of iron above the
taphole is slight with the greatest effect around
the taphole region.

5.2.3 Deadman Porosity and Configuration
The results of this initial study show that the
shape and porosity of the coke deadman are the
most significant parameters determining the
wear of hearth refractory. These factors
influence the flow field of the iron which in
turn effects the wear rate coefficient.

Porosity

A hearth with a low coke porosity tends to
reduce the effect of thermal recirculation and to
increase the acceleration zone of iron near the
taphole. Therefore, the wear near the taphole is
also increased.

Shape and Location of Deadman
The largest single influence of refractory wear
is the shape and location of the coke deadman.



A coke free layer allows a high velocity
recirculation zone to form on the pad of the
hearth, promoting refractory wear. The height
and shape of the coke free layer effects the size
and shape of the recirculation zone and the
maximum velocity within the layer.

5.2.4 Production Rate

As forced convection is less significant
compared to natural convection (except for
near the taphole), it is expected that changes in
production rate will have only a small effect on
the flow pattern and hence the wear rate. The
influence of production rate may be more
significant when considered in conjunction
with different parameters such as deadman
porosity and configuration.

6. CONCLUSIONS

A three dimensional CFD model for iron flow,
heat transfer, and refractory wear in the hearth
of a blast furnace was developed. The initial
portion of this study consisted of a parametric
survey of various operating conditions for PK6.
The results obtained in this phase suggest that
the shape and location of the coke deadman
influences the wear in the hearth refractory the
most. Refractory wear is most rapid when the
coke is not sitting on the hearth bottom but
when it is floating. Perhaps there is a critical
height of the coke free layer that causes the
greatest amount of wear on the refractory pad.

The results obtained from this initial work are
consistent with observed reports of post
mortems done on various blast furnaces.®’
Figures 15 and 16 show the wear profile of two
Kawasaki Steel blast furnaces.® The figures
show what the model predicts. Greatest
refractory wear occurs at the walls and at the
bottom of the hearth near the walls. This is
caused by the vigorous recirculation zone
driven by natural convection. Further
verification to the current model with data from
thermocouples embedded in the hearth
refractories will be conducted.

Future work will include grid refinement to
resolve more details in the flow and
temperature fields near the hearth walls. Also,
underhearth cooling will be included to get a
more realistic boundary condition for the
bottom of the hearth, and a more accurate
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description of refractory wear. More work will
be carried out to explore the effects of the
shape and location of the coke bed on the wear
of the refractory. Also, future work will be
identified by each of the operating divisions for
specific applications.
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Figure 2: Dimensions (mm) of PK6 Blast Furnace
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Figure 8: Temperature Profile in the Symmetry Plane, Run 1-0

Figure 9: Temperature Profile in the Symmetry Plane, Run 1-0

Temp_Deg_C
1.550E+03
1.475E+03
1.400E+03
1.325E+03
1,250E+03
1.175E+03
1.100E+03
| 1.02584023
9.500E+02
| B.750E+02
8.000E+02
7.250E+02
B.500E+02
5.750E+02
5.000E+02
4.250E+02
3.500E+02
2.750E+02
2.000E+02
1.250E+02
5.000E+01

Temp_Ceg_C
1.550E+03

1.547E+03

1.545E+03

s 1,542E403
| 1.540E403
& 1.537E+03
1.5355403
1.532E+03
1.530E+03

1.527E+03

1.525E+03

SPEED

1.000E+02
9.500E+03
9.000E+03
B8.500E+03
B.000E+03
7.500E+03
7.000E+03
8.500E+03
6.000E+03
5.500E+03
5.000E+03
4.500E+03
4,000E+03
3.500E+03
3.000E+03
2.500E+03
2.000E+03
1.500E+03
1.000E+03
5.000E+04

0.000E+00




g qapE=p2

o2 it 200

4, B@eE-82

3.C5ERE~22

3 . BURE-BT

2.88@2E-B2

Figure 12: Refractory Wear Coefficient, Run 1-0

7 . BRRE=-22

8.8805-82

W
w
(o
=
[}

4,5005 -2z

Figure 13: Refractory Wear Coefficient, Run 1-7

294



0.20 | ] | | I 1 1 | | | | T T
0.15 |- -
e
c
Q0 B .
o
5
e 010 | -
O
[
o
g ! - |
0.05 — | |
—_ ]
l |
0.00 { { | ] | | | | | | |
< i o o i 9 © ~ ot X e = N
[l [ [ c [ [ c c c c ~ - ~
S S =] =1 S =] S 3 3 S c c =
1 o o o o n e o o 1 x S 3 3
- x [ o
Figure 14: Refractory Wear Coefficient
tuyere— F‘
tuyere
o scaffold
wear line
taphole
L wear line |
taphole A {
. deteriorated Z coke + slag
deteriorated coke + metal + slag layer !
laytzr\ L] ’_{T e
7 = tal AR
metal— W 4- : | charmatte me = AoXCooke rnetal - chamotte
5 ..-.“:.‘:.;.._‘ B e . .~‘,,::,~..:,.. ..: v
[ A A A Vireclay) NG L - ireciay)
\':)’:zf-%f/f/f//}/yf'. 7T LA LA T L rvear'
2777777, line
u \ carbon [
_“l \ | refractory [[ carbon refractory
L L .
wear line l C U

Figure 15: Profile of Wear Line of a
Kawasaki Steel Blast Furnace Blown Out After
4.7 Years in Operation®

Figure 16: Profile of Wear Line of a.
Kawasaki Steel Blast Furnace Blown Out After
6.2 Years in Operation®
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