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ORIGINAL RESEARCH ARTICLE

Numerical Study of Gas Flow and Temperature
Patterns in the Blast Furnace Throat

DEBANGA NANDAN MONDAL, WEIQIANG LIU, HAUKE BARTUSCH, )
YALCIN KAYMAK, TIMO PAANANEN, OLLI MATTILA, and HENRIK SAXEN

The gas distribution in the shaft is of key importance for the performance of the blast furnace
process, since it affects the way in which the burden is heated and reduced, and also the pressure
drop in the shaft and cohesive zone. Traditionally, the gas distribution is followed by gas
temperature measurements at several points over the radius or diagonal by the above-burden
probes, but novel acoustic techniques can estimate the gas temperature over the full cross
section of the throat. A fundamental problem is that the gas is redistributed in the upper bed
and above it, so the measured profile may no longer reflect the conditions in the shaft. This
paper studies the gas redistribution by a CFD model of the throat region, neglecting heat
transfer to the bed and walls. It is demonstrated that strong redistribution and
downward-swirling flows may occur, which affect the measurements. The arising conditions
under different assumptions of the bed state are studied, and the dynamics of the changes are
also briefly analyzed. A comparison of the findings of the computational model with acoustic
measurements of the gas temperatures in the throat of two industrial blast furnaces reveals a
good resemblance. The results of the study sheds light on the complex flow conditions of the gas
in the blast furnace throat region and can be used to interpret information from measuring

®

Check for
updates

devices and to study how their positioning affects the measurements.
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I. INTRODUCTION

THE blast furnace is the predominant process for the
production of molten iron for steelmaking, and the
process has been studied extensively over the years using
mathematical modeling."*?) The radial distribution of
the gas in the blast furnace is an important variable for
the performance of the process as it affects heat and
mass transfer in the furnace shaft and, through these,
the efficiency of the indirect reduction reactions of iron
oxides." ® The gas distribution can be controlled
indirectly by manipulating the way in which the burden
is charged into the furnace,” ' but it may also vary
spontaneously due to uncontrolled changes in the state
of the shaft and cohesive zone. To gain a better
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understanding of the gas distribution, horizontal or
inclined probes have been applied above or below the
burden surface.*'""'?) These typically measure the
temperatures and sometimes take gas samples to deter-
mine the gas composition at a number of discrete points
along one radius. The in-burden probes also sample gas,
while the above-burden probes usually only measure
temperatures. The above-burden probes are quite often
configured in a diagonal or double-diagonal fashion,
giving information about possible peripheral differences.
The in-burden probes, which typically only measure
along one radius, are known to yield more accurate
information, but they can only be applied intermittently
and have to be withdrawn after the temperature
measuring and gas sampling have been undertaken.
Therefore, this information is available only once per
shift or day. Even though the above-burden probes
provide practically continuous information, a problem
associated with such sampling is a possible redistribu-
tion of the gas before the probe.*"'* This means that the
results do not necessary reflect the conditions of the gas
in the shaft. The problem can be somewhat relaxed by
placing the probes as close to the burden surface as
possible, but this is challenging as a possible upward
motion of the bed may at disturbances may bend or
destroy the probes so a sufficient safety distance to the
stockline must be maintained. A more serious problem
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is that the gas may not only redistribute, but even
exhibit a downward flow locally due to the complex gas
flow patterns in the throat region.'*'¥ Also novel
acoustic-based methods for estimating the gas temper-
ature distribution over the cross section (see, e.g.,
References 15 through 18) have in studies by the authors
of the present paper indicated the presence of such
downward flow in the regions between the gas uptakes.

In order to gain a better understanding of the fate of
the blast furnace gas as it passes through the uppermost
burden layers and enters the throat region above the
stockline, a CFD study of the system under different
states was undertaken. The region considered extends
from the upper part of the burden bed into the four gas
uptakes, and studies the gas flow and temperature. The
findings provide evidence of complex flow patterns,
where gas from different regions is mixed, giving insight
that can be used when the location or feasibility of
measurement devices is studied.

Section II of the paper presents the simulation
domain and the assumptions made in the modeling.
The results are presented in Section III, while Section IV
briefly discusses the dynamics of the system. Section V
presents some results of temperature patterns measured
by acoustic techniques in two larger blast furnace, and
qualitatively compares them with findings of the numer-
ical analysis. Section VI finally presents conclusions of
the work and proposes potential topics to be studied in
the future.

II. MATHEMATICAL MODEL

The system studied in this work consists of the upper
part of the burden bed in the throat region of the blast
furnace, further including about 4 m of the gas uptakes.
Even though the conditions studied are symmetric, a
three-dimensional representation is used here. The
geometry of the furnace was taken from an industrial

Fig. 1-—Simulated domain and dimensions.
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blast furnace (called BF A) that acted as a reference for
the study. While the upper part of the throat and gas
uptakes only hold gas, the lower part of the throat is
occupied by burden, described as a porous medium, and
the ascending gas. Figure 1 shows the simulated domain
and its two distinct parts, as well as the dimensions.

To mimic the conditions in the blast furnace, a gas
with a given temperature distribution along the radius
(illustrated in Figure 2) was introduced at the lower end
of the domain. The distribution was selected based on
common temperature patterns measured by an
above-burden probe in the reference blast furnace. The
gage pressure at the inlet was set to 132 kPa and at the
outlet at 130 kPa; this pressure difference was found to
result in a top gas volume flow rate (35 m?/s) resembling
the calculated one in the reference blast furnace.
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Fig. 2—Radial distribution of inlet gas temperature.
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It should be noted that the present study is focused on
the behavior of the gas flow only, and its effect on the
gas temperature in the domain. Therefore, the system is
considered adiabatic and no heat transfer between the
gas and the burden or between the gas and the walls is
considered. Because of this, the burden bed is considered
static, even though it in practice descends. This assump-
tion simplifies the treatment significantly. To consider
the distributing effect of the burden bed on the gas flow,
the bed was discretized into concentric regions of
different porosities, as outlined in Figure 3 and particle
sizes as reported in Table 1. In the figure, the lower beige
part is the base bed, upon which an optional heap
(““center coke” or ““center pellet””) can be added. This
porosity distribution of the bed gives rise to a higher gas
velocity in the furnace center, which is common in blast
furnaces due to charging of more coke in this region,
while the region dominated by pellets at the wall has a
lower permeability, and hence a weaker gas flow.["” The
parameters of the bed and the heap are given in Table I.

The system was studied based on the ANSYS Fluent
2020 platform. The basic governing equations of the
model are
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Fig. 3—Description of the burden bed by division into regions of
different permeabilities.

g(epg) + V- (epgu) =0, 1]
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ot
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2]
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where ¢, &, u, g, 1, p, and T are time, porosity, velocity
vector, gravitational acceleration, viscosity, pressure,
and temperature, while p,, ¢pq, kg, pg, Cpss ks are the
density, heat capacity, and thermal conductivity for
the gas and solid material. The last term (R) of Eq. [2]
is the flow resistance in the burden and is described by
the well-known Ergun equation
€ & B
Rzznu+7ﬂg“|“|v [4]
where A is the permeability of the burden and B is the
inertial term accounting for the kinetic energy of tur-
bulent eddies. The two parameters are expressed by

& 3 51—
A:_P‘giz;Bzﬁ_g 5]
150 (1 —¢) d, &

where d|, is effective size of burden particle.

The ‘realizable k-epsilon’ viscous model was used to
describe the turbulent viscosity (1,) and turbulent gas
thermal conductivity (kg ).

For the sake of simplicity, the gas was taken to be air.
As for the boundary conditions of the model, pressure
boundary conditions were applied at the lower and
upper ends of the system. Inlet temperature was
provided by using user-defined boundary condition. A
grid of about 149,000 cells was applied, which was found
sufficient to guarantee grid-independent solutions. The
system was simulated until a stable steady state was
achieved (except in the dynamic cases presented in
Dynamic Analysis).

Table I. Conditions for the Different Bed Parts Studied (cf. Fig. 3)

Part Material Particle Size Voidage
Base Bed coke + pellet 30 mm 0.30/0.45/0.60
Center Heap coke or pellet 50 mm or 10 mm 0.60 or 0.30
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III. STATIC ANALYSIS

This section studied the system in steady-state,
focusing on the resulting gas temperature and flow
fields. Section ITI-A illustrates the results for the vertical
and horizontal cross sections indicated in Figure 4,
while Section III-B provides some three-dimensional
views to gain a better understanding of the complex gas
flow in the blast furnace throat. The two vertical planes
go through the center of the gas uptakes (Figure 4(a)) or
halfway between them (Figure 4(b)), while the horizon-
tal planes (Figure 4(c)) are at the vertical levels — 1.00
m, — 0.50 m, 0.00 m, and + 0.25 m, where the highest
level of the burden surface at the throat wall is 0.00 m.

A. Two-Dimensional Views

The system was first simulated with the base bed,
labeled Case 1 (cf. first row of Table II). The arising
steady-state gas temperature and velocity pathlines are
shown in Figure 5. The hot central gas zone (Fig-
ure 5(a)) is seen to converge somewhat above the burden
surface, flowing toward the ceiling to divert toward the
two gas uptakes. The local acceleration of the gas in this
region is clearly seen in Figure 5(b), as well as the higher
gas flow velocity in the uptakes, because their joint
cross-section area is only about a fifth of the throat
cross-section area.

While these findings are quite intuitive, the conditions
at a vertical plane halfway between the gas uptakes (i.e.,
45 deg off from that studied in Figure 5) are fundamen-
tally different. Even though the conditions of the central
gas flow are naturally similar (as it basically represents
the same as in the previous figure), the conditions at the
conical top wall are very different. After hitting the
ceiling, the gas cannot straightforwardly be diverted to
the uptakes, but instead has to flow downwards along
the wall, creating a swirl (see Section III-B) toward the
closest gas uptake, i.e., perpendicular to the represented
plane. As seen in Figure 6(b), this gives rise to a higher
temperatures (about 413 K (140 °C), represented by
turquoise color) along the wall, forming a rotating flow.
This phenomenon was discussed by Timmer ez /' in
an early study of the problem, which pointed out
implications of it for gas temperatures measurements by
the above-burden probes. The downward and swirling
flow is particularly detrimental for new 2-dimensional
noncontact gas temperature measurements by acoustic
techniques, as discussed in more detail in Section I11-B,
since it gives rise to spurious high-temperature zones not
reflecting the radial temperature distribution of the gas
temperature that enters from the shaft.

The left column of Figure 7 shows the gas tempera-
tures along horizontal planes on five vertical levels in the
throat region, corresponding to the entrance of the bed
(i.e., lower boundary conditions) at the bottom row and
the four levels are indicated in Figure 4(c). The fourth
row represents the temperatures at z = —1.00m, i.e., a
cross section that falls entirely within the burden bed,
z=—0.5m a level that partly falls in the bed (at the
wall) and partly above it (in the center), while the
uppermost two level (z=0.00m and z=0.25m) are
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above the bed, where the former barely touches the bed
surface at the wall. These figures show that the gas
temperature distribution remains relatively unchanged
until it reaches the top level, but changes strongly above
the bed due to the downward flow of the hot gas
originating in the furnace center for the regions between
the gas uptakes. (The radial positions of the uptakes
have been indicated by dashed red circles in the topmost
figure.) Thus, any device that directly or indirectly
measures the gas temperature above the burden surface
is prone to misinterpret the conditions in the shaft: while
the temperatures in the furnace center are sensed
relatively accurately, the temperatures at the wall show
considerable differences and particularly so between the
gas uptakes.

Next, the effect of coke (Case 2) or pellets (Case 3)
charged in the center (cf. Figure 3) is studied. The
former alternative is quite commonly encountered in
charging program of industrial blast furnaces, where it is
known to promote central flow of the gas, which is
associated with a low pressure drop and stable burden
descent. The latter case, in turn, is not common but is
here merely included to show the impact on the gas flow
distribution in the throat.

For the plane intersecting two gas uptakes (Figure 8),
the center-coke dump is seen to divert the gas toward the
uptakes, which clearly lowers the temperatures higher
up in the central part (Figure 8(a)). Above the coke
heap, the gas creates a back swirl (Figure 8(b)). The
situation along a plane halfway between the uptakes
(Figure 9) is also changed: as the strong central flow to
the ceiling is fully suppressed, the downward swirl is
replaced by a backward swirl in the wake above the coke
heap. This serves to better preserve the gas temperature
distribution in the burden also above the bed surface, as
seen in the second column of Figure 7. However, the
coke heap distributes the gas in the center, which
somewhat increases the extent of the high-temperature
region, and simultaneously lowers its temperature.

The results of a similar study of a center-pellet dump
(Case 3) are presented in Figures 10 and 11 and in the
rightmost column of Figure 7. As expected, the denser
bed of smaller particles and lower voidage (cf. Table I)
exerts a stronger “‘splitting” effect on the center gas flow,
which diverges toward the uptakes. This widens the
wake zone above the center heap, and yields a larger
circular region of rather constant temperature of about
413 K (140 °C) above the bed, as indicated by the green
region in the top right panel of Figure 7. The backward
swirl above the pellet heap is particularly strong in the
plane between the uptakes (Figure 11), from where it
rotates in the direction perpendicular to the plane
toward a close gas uptake, as illustrated in
Section III-B.

The modifying effects of the center heaps on the gas
velocity distribution can be studied in more detail in
Figure 12, which depicts the gas velocities by colored
arrows for the vertical plane through the gas uptakes for
Cases 1-3. For the base bed (Case 1, Figure 12a), the
strong convergence and acceleration of the gas above
the bed in the center is seen. From an entrance velocity
ranging between 0.5 m/s at the wall) and 3 m/s (at the
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(a) (b)
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Fig. 4—(a, b) Vertical and (c) horizontal planes along which the simulated gas temperatures and flow are studied.

Table II. Conditions for the Different Bed Parts Studied (cf.

Fig. 3)

Case # Base Bed Center Heap

coke
pellet

1 coke + pellet
coke + pellet

3 coke + pellet

Temperature

5.0926+02
5.007e+02
4.922¢+02
4.837e+02
4.7526+02
4.667e+02
4.582¢+02
4.497e+02
4.412e+02
4.327e+02
4.2426+02
4.157e+02
| 4.072e+02
3.987e+02
3.902e+02
3.817e+02
3.731e+02

[K]

Velocity

! 6.000e+00

4.500e+00
3.000e+00

1.500e+00

0.000e+00
[m s*-1]

L
(b)

Fig. 5—Base bed (Case 1): (¢) Gas temperatures and (b) velocity
pathlines for a vertical plane intersecting two gas uptakes (cf.
Fig. 4a) (Color figure online).

center), as seen in Figure 13, the gas accelerates to
almost 6 m/s to retard as the ceiling is approached,
where the gas is diverted outwards radially. The center
coke on the base bed (Case 2, Figure 12(b)) represents
an additional flow resistance, which deflects the stronger
central flow within the bed toward the heap surfaces,
which creates a strong gas flow almost directly toward
the gas uptakes.
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Temperature

H 5.092e+02

5.007e+02
4.922e+02
4.837e+02
4.752e+02
4.667e+02
4.582e+02
4.497e+02
4.412e+02
4.327e+02
4.242e+02
4.157e+02
4.072e+02
3.987e+02
3.902e+02
3.817e+02
3.731e+02

N

Velocity

! 6.000e+00

4.500e+00
3.000e+00
1.500e+00

0.000e+00 1 I
[m s~-1) fi
(b)

Fig. 6—Base bed (Case 1): (a) Gas temperatures and (b) velocity
pathlines for a vertical plane halfway between two gas uptakes (cf.
Fig. 4b) (Color figure online).

This creates a wake above the heap, where the gas
swirls downwards in the opposite direction to the main
flow to the uptakes. The defected gas flow from the
center is seen to go out practically perpendicular to the
coke-heap surface. The charging of a center-pellet dump
(Case 3, Figure 12(c)), in turn, efficiently blocks the
center. The gas flow from the center now practically
avoids the heap and flows out around the radial position
of the heap edge. This increases the peripheral flow, with
the strongest velocities encountered at the outer edge of
the heap, giving rise to a large wake region in the center

METALLURGICAL AND MATERIALS TRANSACTIONS B



Temperature
5.092e+002
5.007e+002
4.922e+002

| 4.837e+002
4.752e+002
4.667e+002
4.582e+002
4.497e+002
4.412e+002
4.327e+002
4.242e+002
4.157e+002
4.072e+002
3.987e+002
3.902e+002
3.817e+002
3.731e+002

K]

Temperature

5.092e+002
5.007e+002
4.922e+002
4.837e+002
| 4.752e+002
4.667e+002
4.582e+002
4.497e+002
4.412e+002
4.327e+002
4.242e+002
4.157e+002
4.072e+002
3.987e+002
3.902e+002
3.817e+002
3.731e+002
(K]

Temperature
5.092e+002
8 5.007e+002
4.922e+002
4.837e+002
4.752e+002
4.667e+002
4.582e+002
4.497e+002
4.412e+002
4.327e+002
4.242e+002
4.157e+002
4.072e+002
3.987e+002
3.902e+002
3.817e+002
3.731e+002

Temperature

5.092e+002

5.007e+002

4.922e+002

4.837e+002
4.752e+002
4.667e+002
4.582e+002
4.497e+002
4.412e+002
4.327e+002
4.242e+002
4.157e+002
4.072e+002
3.987e+002
3.902e+002
3.817e+002
3.731e+002
w1

Temperature

5.092e+002
5.007e+002
4.922e+002
| 4.837e+002
4.752e+002
4.667e+002
4.582e+002
4.497e+002
4.412e+002
4.327e+002
4.242e+002
4.157e+002
4.072e+002
3.987e+002
3.902e+002
3.817e+002
3.731e+002

K]

Fig. 7—Gas temperatures for Cases 1-3 (columns 1-3) on five vertical levels (cf. Fig. 4¢). (a) z = +0.25m. (b) z=0.00m. (¢) z= —0.50m. (d)
z = —1.00m. (¢) Lower domain boundary. Red dashed circles denote locations of gas uptakes (Color figure online).
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Temperature

5.092e+02
5.007e+02
4.922e+02
4.837e+02
4.752e+02
4.667e+02
4.582e+02
4.497e+02
| 4.4120+02
4.327e+02
4.242e+02
4.157e+02

4.072e+02
3.987e+02
3.902e+02

3.817e+02
3.731e+02
K]

Velocity

H 6.000e+00

4.500e+00
3.000e+00
1.500e+00

0.000e+00 I | ‘ ‘
[m s™1] Ll HII

(b)

Fig. 8—Center-coke dump (Case 2): (@) Gas temperatures and (b)
velocity pathlines for a vertical plane intersecting two gas uptakes
(cf. Fig. 4a) (Color figure online).

Temperature

5.092e+02
5.007e+02
- 4.922e+02
4.837e+02
4.752e+02
4.667e+02
4.582e+02
4.497e+02
4.412e+02
4.327e+02
| 4.242e+02
' 4.157e+02
4.072e+02
3.987e+02
3.902e+02
3.817e+02
3.731e+02
[K]

Velocity
! 6.000e+00 ——— ————

4.500e+00
| 3.000e+00
1.500+00

0.000e+00
[m s?-1]

()

Fig. 9—Center-coke dump (Case 2): (@) Gas temperatures and (b)
velocity pathlines for a vertical plane halfway between two gas
uptakes (cf. Fig. 4b) (Color figure online).
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Temperature

5.092e+02
5.007e+02
- 4.9220+02
4.837e+02
4.752e+02
4.667e+02
4.582e+02
4.497e+02
- 4.412e+02
4.327e+02
- 4.242e+02
4.157e+02
- 4.072e+02
3.987e+02
3.902e+02
3.817e+02
3.731e+02
K]

Velocity
' 6.000e+00

4.500e+00

H 3.000e+00 AL

1.500e+00 | ‘ )1
| I
0.0006+00 il i

|
|
[m s*-1] Il

(b)

Fig. 10—Center-pellet dump (Case 3): (a¢) Gas temperatures and (b)
velocity pathlines for a vertical plane intersecting two gas uptakes
(cf. Fig. 4a) (Color figure online).

above the burden characterized by very low gas veloc-
ities. These findings explain the gas temperature fields
shown in the top right panel of Figure 7.

B. Three-Dimensional Views

The considerable differences of the gas flow and
temperature observed for different two-dimensional
cross sections make it motivated to study the conditions
three dimensionally. Figure 14 provides a three-dimen-
sional view of the pathlines in the throat, showing a
considerable swirling of the gas after in the region above
the burden and before the uptakes.

As it is difficult to discern details in a three-dimen-
sional view, Figure 15 presents quasi-three-dimensional
illustrations for Cases 1-3 of the flow fields of gas
originating from the vertical plane halfway between two
gas uptakes. The throat geometry has been outlined by
light lines. The figure clearly explains the motion of the
gas between the gas uptakes. For Case 1 (Figure 15(a)),
with a strong central gas flow extending to the top of the
throat region, the gas is deflected downwards along the
conical top walls, creating strong and almost horizontal
tornado-like swirls toward the closest two gas uptakes.
Detailed scrutiny also reveals a small semi-circular swirl
that is deflected into the upper part of each uptake.

Corresponding illustrations of the gas from the same
plane for Cases 2 and 3 are provided in Figures 15(b)
and (c). These clearly illustrate the lesser extent of the
downward flow at the conical top wall, and that the
back swirl in the opposite direction above the cen-
ter-charged dump is also divided in two swirling flows to
the top of the closest uptakes. The fact that the main gas
flow from the bed is split into two swirl pairs serves to

METALLURGICAL AND MATERIALS TRANSACTIONS B



Temperature

5.092¢+02
5.007e+02
- 4.922e+02
4.837e+02
4.752e+02
4.667e+02
- 4.582e+02
- 4.497e+02
| 4.412e+02
4.327e+02
- 4.242+02
- 4.157e+02
- 4.072e+02
3.987e+02
3.902e+02
3.817e+02
3.731e+02

[K]

Velocity

' 6.000e+00

4.500e+00 : =

w 3.0006+00 AL
I 1.500e+00 ‘
f
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| |

I |

0.000e+00 “ il
[m s7-1] |

(b)

Fig. 11—Center-pellet dump (Case 3): (a¢) Gas temperatures and (b)
velocity pathlines for a vertical plane halfway between two gas
uptakes (cf. Fig. 4b) (Color figure online).

decrease the temperature increase observed above the
burden surface between the gas uptakes (cf. top middle
and right subpanels of Figure 7). It is also interesting to
note that the lower swirl for Case 2 (Figure 15(b)) is
only directed anti-clockwise. However, this is due to the
fact that the plane where the gas originates is taken
exactly halfway between the uptakes, so random effects
may dictate where the flow (primarily) goes. This can be
confirmed by Figure 16, which shows the corresponding
flows from a plane rotated 5 deg clockwise from the one
depicted in Figure 15(b): now the main flow of the lower
swirl goes in the opposite direction.

On the basis of these findings, it is easy to understand
that the complex gas flow field above the burden surface
has a strong effect on the gas temperature measured by
probes or reconstructed by tomographic means based on
acoustics. This is particularly true when the distance of
the measurement point to the burden surface grows. A
further complication is that the gas flow distribution is
repeatedly upset by the burden charging, which makes
the system strongly dynamic. In the lack of rapid
measurements, the observed gas temperatures would
therefore represent averages of several different states,
which further complicates the interpretation.
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Fig. 12—Gas velocity field for a vertical plane in the throat
intersecting two gas uptakes (a) Base bed (Case 1), (b) Base bed and
center-coke dump (Case 2), and (c¢) Base bed and center-pellet dump
(Case 3) (Color figure online).

IV. DYNAMIC ANALYSIS

The results presented in Section I11 represent views of the
static conditions. However, due to the intermittent charg-
ing, the state of the upper part of the blast furnace is never
static but is continuously changing. In order to gain an
understanding of the dynamics, the redistribution of the gas
flow after charging a dump of burden was studied. Starting
from the base bed (Case 1), for which the steady-state
solution was determined, a center-pellet layer was compu-
tationally created. This was undertaken by decreasing the
porosity of the cells within the center heap linearly in time
from 1 to 0.3 within 5 s (i.e., for t = 0s5s). Figure 17 shows
a series of snapshots of the dynamics for the vertical plane
through two gas uptakes (left panel column) and halfway
between the uptakes (right panel column). The top row
represents the starting point (i.e., the steady state for Case 1
presented in Figures 5 and 6), while the following panel
rows present the states after initiation of the heap
(t = 0.55), just after the heap has been formed ( = 5.55),
five seconds later (¢ = 10.55s), and finally 15 seconds since
the full formation of the heap (f = 20s), when the new
steady state (of Case 3) has been reached. It is seen that
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Fig. 13—Gas velocity distribution at the lower end of the simulated domain for (a) Case 1, (b) Case 2, and (c) Case 3 (Color figure online).
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Fig. 14—Three-dimensional view of the pathlines of the gas for Case
1 (Color figure online).

upward gas flow through the pellet heap is gradually
replaced by a backflow that grows stronger, while the main
flow is diverted to the gas uptakes and the lower swirl
between the gas uptakes is suppressed. It is also interesting
to note that the backward swirl above the pellet heap is
strongest just after the moment when the heap has been fully
formed (¢ = 5.5s), while the final state shows less intensive
backflow. It should be kept in mind that the present model
neglects heat transfer from the gas to the burden, which also
affects the gas temperature in the throat.!'>2° 2%

The results indicate that the changes are relatively
fast, but still considerably slower than what the average
residence time would indicate. The volume between the
bed surface and the end of the gas ug)takes in the
simulated domain is approximately 80 m’, which gives
an average residence time of about 3 seconds. For a
better visualization, a video of the simulated dynamics is
provided in three parts in Ref. 23.

V. COMPARISON WITH MEASUREMENTS

To compare the results of the computational analysis
with findings in the real process, some results from
acoustic measurements of the gas temperature in the
throats of two operating blast furnaces are presented in
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this section. Figure 18 schematically depicts vertical
cross sections of the top parts of BF B and BF C,
indicating the levels of the burden surface (thick dashed
red lines) and gas temperature measuring (thin red
dotted line). The furnaces are larger and have a
somewhat different design of the top and compared to
that of BF A studied in the numerical analysis, which
may affect some of the results. In BF B, the acoustic
measurement device includes 10 sound generator/micro-
phone pairs located symmetrically on the periphery,
while in BF C, a more asymmetric arrangement of the 12
pairs is applied: this is seen in Figure 19, which also
illustrates the measuring paths and the reconstructed
temperature fields. Figure 20 shows gas temperature
estimated based on the acoustic signals at BF B and BF
C, representing typical patterns encountered in the
operation. While the temperature pattern in BF B is
quite concentric, just as observed for the numerical
model with suppressed center-gas flow, the results in BF
C show clear hot spots (encircled in red) in the region
between the gas uptakes (which are indicated by dashed
white circles). The latter observations are in general
agreement with the simulation results of the base bed
(cf. the top leftmost panel of Figure 7). It is obvious that
the reason for the hot spots between the gas uptakes
seen for BF C is the result of downward-swirling gas (cf.
Figures 6 and 15(a)). An explanation for why BF B does
not show such local hot spots may lie in the different
design of the top of the furnace. In BF B, by contrast to
BF A and BF C, the diameter above the cylindrical
throat does not expand. The expansion creates favorable
conditions for the formation of swirls, while the
practically cylindrical geometry in BF B suppresses
strong swirls or disperses the downward-flowing gas.
Another notable difference between the designs of the
tops parts of the three BFs is that the “hat” of BF B is
higher and the gas uptake entrances are sitting lower.
Another verification of the redistributing role of the
charged burden on the gas flow in the throat was found
by a systematic analysis of the temperature patterns in
BF B measured after certain dumps. This furnace
applies a charging program, where each dump consists
of rings built using eleven possible chute angles. Our
study focuses on the gas temperatures after charging
coke dumps, because these redistribute rather than cool
of the gas because of slower heat transfer to and lower

METALLURGICAL AND MATERIALS TRANSACTIONS B



Velocity

H 6.000e+00

4.500e+00

3.000e+00

1.5006+00 o il
0.000+00

[m s?-1]

Velocity

H 6.000e+00
l,‘\

4.5006+00
3.000e+00
| 1.500e+00 ' Ly

\
' | ’[l‘
0.000e+00 i
[m s*-1]

(b)

Velocity

H 6.000e+00

4.500e+00
3.000e+00

1.500e+00

0.000e+00
[m s*-1]

(c)

Fig. 15—Quasi-three-dimensional view of the pathlines for gas from
a plane exactly halfway between the gas uptakes, with velocities
expressed in colors for (a) Base bed (Case 1), (b) Base bed and
center coke (Case 2), and (¢) Base bed and center pellet (Case 3)
(Color figure online).

density of the coke.”? It should be pointed out that the
number and therefore also the mass of the coke rings in
different dumps can vary, so a dump with fewer rings
does not imply that less coke is charged. Further, it
should be noted that the charging matrix holds several
ore and coke dumps that can be charged differently over
the radius. The main intent of our analysis is to
investigate how the top gas temperature distribution
above the burden surface changes after charging coke
dumps that are different in this very respect.
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Fig. 16—Quasi-three-dimensional view of the pathlines for Case 2
for gas from a plane 5 deg clockwise from the one depicted in
Fig. 15b (Color figure online).

The acoustic gas temperatures between the end of a
coke dump and the start of the next (ore) dump were
studied for a time period during which different distri-
butions of the coke dumps were applied. At least 1000
temperature patterns for each type of coke dump were
extracted, and averages were taken to yield the typical
gas temperature patterns corresponding to the coke
distribution in question. Figure 21 shows a comparison
of six such temperature patterns with the corresponding
charging matrix of the coke presented above each
subfigure. The digits represent the number of coke rings
of the 11 chute positions, starting from the furnace
center and ending at the furnace wall. To facilitate a
comparison between the patterns, pairs were created
which differ with respect to certain parts of the charging
matrix, with main focus on the rings charged close to the
center, as indicated by arrows. The two types of coke
dumps pairs studied in Figures 21(a) and (b) occurred in
the same charging matrix but at different positions, so
they correspond to exactly the same overall state of the
blast furnace. The pairs depicted in Figure 21(c)
occurred mostly in different parts of the time period
studied, but since the total period length was about two
months, the furnace state did not differ fundamentally
between these parts. Therefore, it can be concluded that
the observed changes in the temperature patterns must
primarily be the result of gas redistribution after the
coke dumps, and not because of changes in the inner
state of the process.

The charging of the two coke layers in the first pair
(Figure 21(a)) differs only with respect to the number of
coke rings at the second chute position, where this
number is decreased from 4 to 2. The result is a decrease
in the extent of the high-temperature zone (green and
yellow in the figure) because of less blocking of the
furnace center. In the second pair (Figure 21(b)), where
no coke is charged in the first and second positions
(which result in clearly stronger central gas flow), a
decrease of the number of rings in the third position
from 4 to 1 enhances the central gas flow and increases
the size and temperature of the “hot eye” (yellow) in the
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Fig. 17—Dynamics of the flow from Case 1 to Case 3 for cross sections through (left column) or between (right column) the gas uptakes. (a) A
center-pellet heap is created for + = 0...5 s, (b) The state 0.5 s after initiation of the heap, (¢) The state 0.5 s after complete formation of the
heap, (d) The state 5 s after the heap is formed and (¢) The new steady state reached 15 s after the heap has been formed (Color figure online).
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Fig. 18—Schematics of the top (¢) BF B and (b) BF C equipped with acoustic gas temperature measurements on the levels indicated by
horizontal dotted lines. Dashed lines show the approximate burden surface levels in the furnaces.
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Fig. 19—Locations of the acoustic source and microphones, measuring paths between these. Examples of reconstructed temperature fields for (a)
BF B and (b) BF C are also depicted (Color figure online).
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Fig. 20—Typical temperature distributions estimated by the acoustic measurement in (a¢) BF B and (b) BF C. The locations of the four gas
uptakes are indicated by white dashed circles, while the regions between these are encircled by red ovals (Color figure online).
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Fig. 21—Average gas temperature distribution after charging layers of coke inducing temporal redistribution of the gas flow. The digit series
above each pattern represents the number of coke rings for every chute position from the furnace center to the wall. (a) Decrease of coke rings
charged with chute position 2, (b) decrease of coke rings charged with chute position 3, and (c¢) decrease of coke rings charged with chute

positions 1-2 and 10-11 (Color figure online).

center. Finally, the third pair (Figure 21(c)) shows the
effect of shifting rings from both the center and the wall
to intermediate positions. The outcome is stronger
central and wall flows with higher temperatures, while
suppressed flow and temperatures occur at the interme-
diate points. These observations support the findings in
the numerical analysis concerning the gas redistribution
caused by the charged dumps.

VI. CONCLUSIONS AND FUTURE WORK

This work has studied the gas temperature and flow
distribution in the throat of the blast furnace by using a
CFD model, which considers the mixing of the gas but
neglects heat transfer to the bed and walls. Simulations
have revealed that strong redistribution and down-
ward-swirling flows may occur, which affect measure-
ments of the gas temperature above the burden surface.
Different states of the upper part of the burden have
been studied and it has been demonstrated that the
charging of dumps in the center part strongly modifies
the flow patterns, and therefore also the measured
temperatures in the throat. A brief study of the
dynamics of the system has also been undertaken,
indicating that the gas flow pattern stabilizes within
20 seconds after a dump. Acoustic gas temperature
measurements in two industrial blast furnaces have
shown similar patterns, verifying the downward swirl of
gas between the gas uptakes, which elevates the tem-
peratures locally. The findings of the computational
study have provided information about the gas flow
patterns that can be used for better interpretations of
temperatures from probes or from tomographic tech-
niques. The model could, for instance, be used to study
the optimal location of measurements. The results are
also expected to be useful for studies of the feasibility of
future acoustic temperature measurements that are
faster than the present state-of-the-art technology and
how such information could be used to shed more light
on the conditions in the upper part of operating blast
furnaces. Topics left for future studies are to validate the
model by comparison with extensive sets of measured
temperatures and possibly to consider the heat transfer
between the gas and the burden.
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