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Computational Study of Gas-Flow and Temperature
Dynamics at Blast Furnace Charging

Debanga Nandan Mondal,* Han Wei, Yaowei Yu, and Henrik Saxén

1. Introduction

The charging of the blast furnace has attracted the attention of
many investigators due to its importance for the operation of the
process, since the way in which the burdenmaterials, ore (mainly
in the form of sinter or pellets) and coke, are distributed affects
the state of the shaft.[1,2]

The reasons are that coke and ore are of fundamentally differ-
ent sizes resulting in varying gas permeability and density, which
eventually affect the radial gas distribution and heat capacity flow

of the burden. The importance is further
emphasized by the fact that the gas that
enters the lumpy zone passes preferentially
through the coke slits (or “windows”) in the
cohesive zone, where the ore layers soften
and melt. Thus, there is a strong interplay
between the burden and gas flows that gov-
erns the thermal and chemical conditions
in the blast furnace shaft.[3] Because of this,
the gas-flow distribution in the blast fur-
nace shaft has attracted much interest
and has been studied computationally
since the 1970s. Muchi and Kuwabara[4]

extended the 1D mathematical model of
Muchi[5] to consider the radial distribution
of state variables in the upper part of the
blast furnace, and several other contempo-
rary investigators (e.g.,[6]) studied the effect
of the layered structure of the burden on
the gas flow, and found that zig-zag gas
flow patterns could arise. Since then, more

sophisticated models have revealed detailed features of the inter-
action between the solid and gas phase in two or three spatial
dimensions.[7,8] Still, most mathematical models have focused
on operation points in steady state, and possible dynamic effects
have concerned strongly transient states, such as those occurring
at blow-in or blow-down of furnaces[9,10] or thermal control.[11]

The dynamic conditions of the uppermost part of the shaft
have not received much attention, even though they affect the
measurements of the radial distribution of state variables in
the process. Traditionally, gas temperatures and/or composition
have been measured above or below the burden surface by multi-
point probes.[12] Also, since the 1970s, thermo-cameras have
been used to estimate the burden surface temperatures.[12–14]

These signals are affected by the intermittent nature of charging,
which gives rise to short-term dynamics, but a considerable
filtering of the signals measured by above-burden probes is
usually applied. However, it would be possible to use the rich
dynamic information for interpretation of the process. Nikus
and Saxén[15] interpreted changes in above-burden probe
temperatures to estimate the distribution of the ore and coke
layers, and later also considered information from stock rod
measurements.[16] The same authors also developed another
interpretation of the gas-temperature dynamics, where the gas
temperature response after charging was used to estimate the
ore-to-coke ratio in the furnace center.[17]

It is a well-known fact that the gas distribution in the
uppermost layers may be affected by the charging, e.g., of less
permeable ore layers, which in extreme cases has been claimed
to cause local fluidization of small coke particles in the furnace
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The burden in the blast furnace is charged to form separate layers of ore and coke,
which makes it possible to control the conditions in the shaft because the materials
have different gas permeabilities and therefore affect the gas distribution in the
shaft. Since ore and coke are of fundamentally different densities, the burden mass
flux at different radial locations will vary, which influences the heating of the
burden upon its descent. To gain an understanding of the effect of charging on the
thermal and flow conditions in the upper shaft, the system is analyzed by
computational fluid dynamics combined with the discrete element method. A
model of the counter-current flow of gas and solids and the temperature of the two
phases in a simplified setup is developed. It simulates the intermittent charging
and continuous descent of burden and the simultaneous ascent of gas through the
particle bed. Themodel captures the complex interaction between the solid and gas
flows, which affects the radial temperature distribution due to heat transfer and gas
redistribution. The dynamics of the system are illustrated and analyzed using a
simple charging cycle, and some implications of the findings are discussed.
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center (cf. ref. [2], p. 310). Still, the phenomena involved have
not been studied in detail due to the harsh environment (dust,
high temperature, intermittent charging) and a lack of mea-
surement techniques with short response time. Along with
the development of novel measuring techniques, e.g., gas tem-
perature measurements based on acoustics,[18] in the future it
may be possible to extract more detailed information about
short-term changes in the radial gas distribution. During the
past few decades, modeling techniques such as the discrete
element method (DEM),[19] have been applied to describe

complex particle dynamics problems encountered in industry
and have also successfully been used to shed light on the solid
flow in the blast furnace.[20,21] More recently, a growing num-
ber of attempts have been reported, where DEM has been
applied combined with computational fluid mechanics
(CFD).[22,23] This computational modeling approach has been
used to describe parts of, or even the entire blast furnace pro-
cess (albeit in simplified or down-scaled form).[24,25] However,
the dynamic conditions of the upper shaft have not received
specific attention.

Figure 1. a) Isometric view of the domain of the model with particles generated at the top and gas entering at the bottom. A slot in the bottom sidewall
creates an outflow of particles. b) Domain within which particles are generated. c) Top view.

(a) (b)

Figure 2. Volume-based ore-to-coke ratio in eight concentric radial rings of the top part of the shaft. a) Time evolution. b) Average radial distribution with
a range of variations indicated by bars.
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The present article studies the complex dynamic thermal and
fluid-flow conditions in the upper shaft of the blast furnace by a
simplified small-scale model based on DEM-CFD. The work is
focused on the behavior of a system with intermittent charging
of layers of two different kinds of particles onto a particle bed that
slowly descends and simultaneously meets an ascending flow of
warmer gas. Particular attention has been paid to the evolution of
the temperature and velocity distributions of the gas.

This work is presented in four segments throughout this
article. Section two of the article presents the problem formula-
tion, the simplifications made, and the geometry and boundary
conditions. The third section presents the results of the simula-
tions with a primary focus on the dynamics of the gas-flow field
and temperature in the upper part of the bed. The fourth and
final section of the article presents some conclusions.

2. Mathematical Model

2.1. Approach

To study the thermal and flow conditions in an environment that
resembles the upper part of the blast furnace shaft, a simplified,

down-scaled numerical representation of it was applied, as
depicted in Figure 1. Due to symmetry, one-fourth of a vertical
cylindrical region (radius 0.6 m) was considered, with two plane
walls with periodic boundary conditions. Particles entering at the
top and an open slot in the lowermost part of the curved sidewall
give rise to an outflow of particles from the system, which makes
the bed descend. The slot size was adjusted so a steady outflow at
a suitable speed was established. To make the outflow uniform,
the floor of the system was slightly declined toward the slot.
Groups of particles generated at the top of the domain are
charged intermittently on the burden surface. Gas is injected
at the bottom and ascends through the bed, leaving the system
at the top. Since also thermal aspects are studied, the injected gas
is set to have a considerably higher temperature than the charged
burden, so it heats the descending particles and simultaneously
experiences a drop in temperature along its upward flow.

Within the virtual boxes seen in the top part of Figure 1a, and
in detail in Figure 1b, spherical particles of two types, pellets
(dp,p¼ 0.015m) and coke (dp,c¼ 0.060m) were generated, at
roughly equal volumes (which resembles the conditions in the
blast furnace). As the generation phase was completed, the
particles were released, giving them an initial vertical velocity
(�1m s�1) to rapidly charge them on the burden surface. By this
procedure, alternating layers of coke and pellets were created for
the descending bed. The time between charging was adjusted so
the burden surface level (stockline) was kept at a constant vertical
level (z¼ 2.5m) when charging was triggered. An interval of
0.38 s between the dumps was found to result in a stable burden
surface level. The initial temperature of the burden was 300 K

Table 1. Parameter values used in the model.

Diameter [m] coke 0.060

pellet 0.015

Density, [kg m�3] coke 1160

pellet 4360

Shear modulus, [GPa] coke 0.540

pellet 2.20

Coefficient of restitution coke-coke 0.40

coke-pellet 0.42

coke-wall 0.44

pellet-pellet 0.33

pellet-wall 0.38

Coefficient of static friction coke-coke 0.67

coke-pellet 0.58

coke-wall 0.46

pellet-pellet 0.57

pellet-wall 0.60

Coefficient of rolling friction coke-coke 0.125

coke-pellet 0.075

coke-wall 0.125

pellet-pellet 0.075

pellet-wall 0.075

Poisson’s ratio coke 0.09

pellet 0.19

Thermal conductivity, [W (m·K)�1] coke 100

pellet 400

Specific heat capacity, [kJ (kg·K)�1] gas 41.0

coke 0.90

pellet 0.50

Figure 3. Number of particles in the bed: a) coke and b) pellets.
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(27 °C), while gas (air) was blown into the system from the
bottom at 800 K (527 °C) with a velocity of þ0.5 m s�1. The
gas pressure at the top (i.e., outlet) was fixed at 2 bar. Since
the motion of the solid phase had to be exaggerated compared
to the blast furnace burden descent to decrease the simulation
time, the gas heat capacity was strongly elevated instead of
increasing the gas flow rate to avoid an excessive gas drag and
a potential fluidization of the particles. The value was selected
to yield a thermal flow ratio

γ ¼ m
:
scp,s=m

:
gcp,g (1)

corresponding to the conditions in operating blast furnaces,
where m

:
if the mass flow rate and cp is the specific heat capacity.

Here, the value γ ¼ 0.8 was used, which reflects the typical
conditions in the shaft of industrial blast furnaces.[2]

Furthermore, to enhance the heat transfer due to the short
residence time of the burden in the simulated system, the gas-
burden heat transfer coefficient and thermal conductivity of the
solid phase were increased by a factor of 200. Using the same
factor for both, the particle Biot number, which expresses the
ratio between the heat-transfer resistances in and at the surface
of the particles, was kept unchanged. By this procedure, the heat-
ing of the descending solids becomes comparable to the corre-
sponding heating in the upper part of the blast furnace shaft.

The particles were generated in 0.3 m high virtual boxes at the
top of the domain (Figure 1c) constrained by r ∈ (0.1, 0.4) m for
coke and r ∈ (0.2, 0.5) m for pellets. Thus, coke was charged
closer to the center and pellets closer to the wall, which corre-
sponds to a common pattern in the blast furnace. This is expected
to lead to a stronger central gas flow and a higher gas tempera-
ture due to the higher permeability of coke. The conditions near
the wall are opposite, where a low gas flow rate and the descent of
the heavier pellets delay the heating of the burden and cool the
gas considerably. The bed is divided into eight concentric rings of
equal radial increments shown in Figure 5. The radial distribu-
tion of the volume ratio of ore and coke in the top 2.5m of the
bed was calculated for a period when the system had reached a
steady state. Figure 2a shows how the ore-to-coke ratio in the
rings (numbered from center to wall) varies with time, while
Figure 2b depicts the average radial distribution of the ratio, with
bars indicating the ranges spanned by the varying ratios. The dis-
tribution clearly shows the larger share of coke in the center and a
larger share of pellets at the wall. The high share of pellets in
Ring 2 is due to the strong local percolation of these in the void
between the larger coke particles.

Figure 4. Temperature of the system in quasi-steady state seen through the plane with periodic boundary conditions. a) Full bed (left), coke particles
(middle), and pellet particles (right). b) Gas temperature distribution (left) and streamlines (right).

Figure 5. Discretization of the radial distribution of temperatures in
concentric ring-like regions.
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The system was studied by DEM-CFD using EDEM-ANSYS
Fluent, where the soft sphere Hertz–Mindlin contact model
was used for the particles. The numerical solution used about
35 000 grid points and time steps of 1.5� 10�5 s for the particle
updates and 5� 10�4 s for the gas flow. The porosity of the bur-
den was transferred automatically from EDEM to ANSYS Fluent
through coupling. The particle–particle heat transfer was calcu-
lated in EDEM and the gas-particle heat transfer was calculated in
ANSYS Fluent. The solution of a quasi-stationary state required
about 2 weeks of computation time on an Intel i9 3.7 GHz
(64 GB) and NVIDIA Quadro P1000, using 10 CPU cores and
1 GPU core for EDEM and 6 cores for ANSYS-FLUENT. The
numerical values of the parameters of the model are reported
in Table 1.

3. Results and Discussion

3.1. Overall State

The system was simulated to a quasi-stationary state by first
generating a layered bed and then alternatingly charging coke
and pellet layers, keeping the stockline level stable. Figure 3
shows how the number of coke and pellet particles in the system
varies for a time of 14 s. The variations caused by the charging are
clearly seen, but even though there are some long-term
oscillations, the total number of coke and pellet particles stay
rather constant, indicating that the entering and exiting particle
flows are in balance. The total number of particles of coke is
Nc� 2080 and pellets Np� 135 000. By dividing the difference

Figure 6. Vertical temperature distribution in the shaft for the four rings depicted in Figure 5, showing coke (black) and pellet (red) temperatures.
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between the total volume and the particle volume by the total
volume, we get the bed porosity

ε ¼
zπ

D2

16
� 1
6
πðNcd3p,c þ Npd3p,pÞ

zπ
D2

16

¼ 1� 8ðNcd3p,c þ Npd3p,pÞ
3zD2 � 0.33

(2)

whereD¼ 1.2 m is the shaft diameter and z¼ 2.5 m is the part of
the shaft occupied by particles. For a 50% share of the larger
particle size (i.e., coke) and a size ratio of 4 (¼ 0.06m/0.015m),
this value corresponds well with the results for the packing
fraction ηð¼ 1� εÞ � 0.67 read from Figure 2 of ref. [26].

Figure 4 shows a view of the thermal and flow conditions of
the system in a quasi-steady state seen through one of the planes
with symmetric boundary conditions. The bed temperature
(Figure 4a) is seen to rise from the initial temperature (dark blue)
to eventually approach the temperature of the injected gas
(800 K), substantially faster in the center than at the wall.
After descending 1m, the particles in the center have been
heated up by about 300 K to become almost 600 K (grey), while
the particles at the wall have only experienced a temperature
increase of about 100 K at the corresponding vertical position.
The two rightmost subpanels of Figure 4a show “X-Ray” views
of the bed, where the pellets (center subpanel) and coke (right
subpanel) have been made transparent. The former shows the
layered structure and also that the coke layers are thicker in
the center and thinner at the wall. The opposite holds true for
the pellet layers, but the considerable percolation of these smaller
particles into the void between the larger coke particles[27,28] and
along the walls of the system makes it hard to distinguish the

Figure 7. a) Vertical temperature distribution of the burden for Rings 3 and 7. b) Top view of Rings 3 and 7. c) Isometric view Rings 3 and 7.

(a) (b)

(c)

Figure 8. a) Gas streamlines at t¼ 88 s with a plane at z¼ 2.8m indi-
cated. b) Average top gas temperature at the indicated plane for a period
of 6 s. c) More detailed view of the average top gas temperature. Vertical
lines in (a) and (b) denote the moments when coke dumps (black) and
pellet dumps (red) enter the burden surface.
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pellet layers. It is also interesting to note that the pellets are
heated more rapidly despite their considerably higher
density, which shows the role of the larger area-to-volume ratio
Ap/Vp¼ 6/dp and also the lower specific heat capacity. Lower
down in the shaft the differences become less clear due to pellet
percolation and radial motion of the descending burden. The gas
flow (expressed by streamlines) and temperature (after a coke
dump) are depicted in Figure 4b. The higher gas permeability
of the coke layers yields a strong center-gas flow, which largely
avoids the dense pellet layers at the wall. The gas temperature
leaving the bed is about 600 K in the center, but only somewhat
above the burden temperature at the wall.

It is also interesting to study the vertical temperature distribu-
tion at different radial positions. For this purpose, the same bed
segmentation was used, as indicated in Figure 5, divided into
eight concentric “rings” with equal radial increments
(0.075m) and at each vertical level an average of the particle
temperatures was taken, excluding 5° of the sector at the two
symmetry planes due to disturbances caused by the periodic
boundary conditions. For the purpose of illustration, only four
rings (1, 3, 5, and 7) are studied here, reporting the results
for a time period of 10 s. Figure 6 shows the more rapid increase
in temperature of the pellets (red) discussed earlier and the quite
considerable variation of their temperatures on each vertical
level. The reason for this is that pellets encountered on a certain
vertical level may have had fundamentally different residence
times in the system due to percolation. The figure also shows
considerable differences in the thermal flow ratio. For Rings 1
and 3, γ � 1, so the burden temperature increases faster than
the gas temperature decreases, which leads to the formation
of a “thermal reserve zone” in the lower part of the domain.
For Ring 5, γ � 1 gives temperature profiles that are almost

linear and parallel, while γ > 1 for Ring 7 means that the burden
heats up less than what the gas cools down.

The overall vertical distributions of the burden temperature of
Rings 3 and 7 are depicted in Figure 7, showing the different
heating rates of the burden. The difference in the temperature
of the layers of coke and pellets can also be seen. Ring 7 is located
near the wall where the ore-to-coke ratio is much higher than in
Ring 3 (cf. Figure 2). Therefore, Ring 3 has a much higher gas
flow rate.

3.2. Gas Temperature and Flow Dynamics

This subsection studies the dynamic conditions in the upper part
of the domain. Figure 8 illustrates the evolution of the average
gas temperature at a vertical level of z¼ 2.8m, which is
0.1–0.3 m above the burden surface, for a time interval of 6 s.
At this elevation, local temperature of gas and vertical component
of the gas velocity were extracted for analysis. The top gas
temperature, which exhibits a cyclic behavior with about 70 K
between the maxima and the minima due to the intermittent
charging of cold burden, is seen to be in a quasi-stationary state.
Vertical lines indicate the moments when coke (black) and pellets
(red) are charged on the burden surface. A large drop in the top
gas temperature is experienced after the pellet dump, which
cools and redistributes the gas in the process, while the effect
of the coke dump is considerably smaller.

To shed light on the complex gas distribution after the dumps,
a set of snapshots of the gas flow paths during one full charging
cycle is depicted in Figure 9 for the interval t ∈ (86.6, 87.4) s with
time steps of 0.2 s. Figure 9a depicts the gas flow 0.2 s after the
coke dump and corresponds to the lowest top gas temperature
(cf. Figure 8). This is followed by a period of recovery in

Figure 9. Gas streamlines and temperature during a charging cycle, starting at t¼ 86.6 s and ending at t¼ 87.4 s with time steps of 0.2 s (cf. Figure 8).
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temperature, captured in Figure 9b. The pellet dump that enters
roughly at the time corresponding to Figure 9c is seen to strongly
shift the gas flow toward the center: such radial gas redistribution
after ore charging has even been reported to cause fluidization of
(small) coke particles in the blast furnace center.[2] In the state

shown in Figure 9d, some gas has already shifted back towards
the wall. Finally, Figure 9e shows that the coke dump that pri-
marily enters the central region has further redirected the gas
toward the wall, but to a much lesser extent than what the pellet
dump shifted it in the opposite direction.

(a)

(b)

(c)

(d)

Figure 10. Mean gas temperature for a) Ring 1, b) Ring 3, c) Ring 5 and d) Ring 7, defined in Figure 5 at the vertical level z¼ 2.8 m. Vertical black and red
lines indicate the moment when dumps of coke and pellets have been charged onto the burden surface.
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To quantify the findings, the cross-section at the vertical level
of z¼ 2.8 m was divided into the eight concentric regions
depicted in Figure 5 and the conditions in the different parts

were studied. Figure 10 depicts the mean values of the gas
temperatures for Rings 1, 3, 5, and 7 for the same time periods
as in Figure 8c, with values for Ring 1 at the top and Ring 7 at the

(a)

(b)

(c)

(d)

Figure 11. Mean vertical component of gas velocity for a) Ring 1, b) Ring 3, c) Ring 5, and d) Ring 7, defined in Figure 5 at the vertical level z¼ 2.8 m.
Horizontal axis depicts the time in seconds. Vertical black and red lines indicate the moment when dumps of coke and pellets have been charged onto the
burden surface.
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bottom and clearly illustrates the large temperature difference
between the center and the wall regions; the center
(Figure 10a) shows a temperature of 575–590 K (about 30 °C)
while the temperature close to the wall varies around 330 K
(about 6 °C) (Figure 10d). These agree well with values observed
in real blast furnaces.[15] Interestingly, the short-term dynamics
of the temperature are also entirely different. The changes in the
temperature in the very center (Figure 10a) are quite small and
similar for coke and pellets: after a dump, the temperature
decreases slightly (about 25 K), followed by a recovery. These
small changes are due to the strong local gas flow rate, which
yields a low thermal flow ratio in the region. The temperature
of Ring 3 (Figure 10b), which varies around 400 K (130 °C),
shows fundamentally different dynamics and larger changes: a
main temperature drop (of about 45–50 K) is experienced after
the pellet dump, while the coke dump leads to practically no
changes. In fact, the “recovery” after the temperature drop that
follows the pellet dump overrides the cooling effect of the coke

dump. Even though most parts of it enter the wall region, the
pellet dump has a large effect due to gas redistribution, which
forces cold gas from the periphery towards the center. Rings
5 and 7 (Figure 10c,d) showminor temperature changes at charg-
ing since the “driving force” for the heat transfer is little because
the temperature difference between the gas and burden is small
(only about 30 K). It is also interesting to note that the tempera-
ture changes in the rings caused by the dumps are clearly smaller
than the change of the overall top gas temperature (Figure 8). The
reason for this is the redistribution of the gas between regions of
higher and lower temperatures, as discussed in the following.

Part of the dynamic response of the local gas temperature can
thus be explained by the cooling of the ascending gas caused by
heat transfer to the cold dump of burden that has been charged
on the burden surface,[15] but the redistribution of the gas plays a
very important role, too. This is seen in Figure 11, which depicts
the mean of the vertical gas velocity in the rings. The top panels
(Figure 11a) show the strong gas flow in the center, with veloci-
ties ranging between 1 and 2m s�1. The velocity is primarily
affected by the pellet dumps, but also by the coke dumps: as
the dumps enters the burden surface, the velocity spikes.
Timmer[29] has confirmed this complex behavior through local
gas-velocity measurements by Pitôt tubes and by CFD-
simulations. Ring 3 (Figure 11b) shows a similar, but somewhat
stronger variation, but the overall gas flow rate is lower, showing
a striking resemblance with the differential pressure in the
center measured by Timmer (cf. Figure 18 of ref. [29]).

Ring 5 (Figure 11c) shows much more complex gas-flow
dynamics, with minimum gas flow rates at the time steps when
the dumps reach the burden surface. The low overall gas velocity
in combination with the downward drag of the burden here
creates a local downward flow. Finally, Ring 7 (Figure 11d) shows
the lowest gas flow rates at the pellet dumps, which “clog” the
wall region temporarily. In summary, the dynamic system at
hand is fairly complex due to several, partly overlapping,
phenomena, including gas cooling by heat transfer to the
charged burden, gas mixing caused by gas redistribution, and
due to the drag of the charged dump.

Another view of the gas temperature and velocity is provided
in Figure 12, which illustrates the radial distributions on the

(a) (b)

Figure 12. Radial distribution of gas: a) temperature and b) vertical velocity component above the burden surface (z¼ 2.8 m) at the time moments
depicted in Figure 9.

Figure 13. Gas temperature measured by an above-burden probe in an
industrial blast furnace at the time of charging (td) a pellet dump in
the center as well as one and two minutes later. Reproduced with
permission.[15] Copyright 1996, The Iron and Steel Institute of Japan.
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z¼ 2.8m level at the same moments as in Figure 9 (t¼ 86.6,
86.8, 87.0, 87.2, and 87.4 s). The temperature changes in the
different parts (Figure 12a) are seen to be small or moderate,
due to the low thermal flow ratio (in the center) or small temper-
ature difference between the gas and burden (at the wall). Even
though the shaft studied in this work is strongly down-scaled and
the burden distribution is simplified, the arising radial tempera-
ture distribution resembles profiles measured by above-burden
probes,[15] as depicted in Figure 13.

By contrast, the changes in the (vertical component of the) gas
velocity (Figure 12b) are dramatic. The pellet dump that enters at
t� 87.0 s fundamentally changes the distribution, shifting the
gas from the wall region to the center. These results agree with
the trends of the above-burden gas velocity measured by Timmer
(cf. Figure 15 of ref. [29]).

Finally, to illustrate how the gas temperature and velocity
change inside the bed, the conditions at z¼ 2.45m, just below
the lowermost level of the burden surface are studied. Figure 14
depicts the level and the complex gas distribution at the times
when the dumps reach the burden surface (at 2.5 m) in the same
manner as in Figure 9.

Figure 15 portrays the mean values of the gas temperatures for
Rings 1, 3, 5, and 7 for the same time periods as in Figure 8c,
illustrating the significantly smaller differences in the gas
temperature caused by the charging inside the bed. The temper-
atures are somewhat higher than in Figure 9 since the gas has
not been cooled by the latest dump. In the center, the tempera-
ture is only marginally higher than at z¼ 2.8m (cf. Figure 9a)
because of a small thermal flow ratio,

Figure 16 depicts the mean of the superficial vertical gas
velocity in the discretized rings. Figure 16a shows the strong

gas flow in the center, with velocities ranging between 0.6 and
1.6m s�1. The velocity is lower than above the burden surface
because of the local convergence of the gas flow in the top layer
and the acceleration above the bed in the center.[29] The same
observations can also be made for Ring 3 (Figure 16b), while
for the outer two rings (5 and 7) depicted, the average gas velocity
is higher. The overall trends are similar at z¼ 2.8 m, but the
changes are smaller and the downward drag of the falling burden
is naturally not observed here.

4. Conclusions

The gas temperature and flow in the upper part of the blast
furnace have been studied computationally by CFD-DEM. To
simplify the treatment and to reduce the computational burden,
one-fourth of a small cylindrical shaft was considered, with inter-
mittent charging of two types of particles, coke, and pellets, on
the surface of a bed that descends due to spontaneous outflow in
the lower part of the domain. A hot gas was introduced at the
bottom of the domain, creating a counter-current system that
resembles the one encountered in the blast furnace shaft.
Even though the region studied was much smaller than the blast
furnace shaft and the charging program was strongly simplified,
the system was demonstrated to show similar radial gas temper-
ature and velocity distributions as in the blast furnace. Special
attention was paid to the conditions of the gas above the burden
surface, analyzing its overall temperature and the temperature
and velocity at different radial positions. The dynamics were
found to be complex since the gas temperatures exhibited
changes due to heat transfer and mixing of gas from different
regions. Also, the gas velocity showed a complex evolution in

Figure 14. Gas streamlines and temperature during a charging cycle, starting at t¼ 86.6 s and ending at t¼ 87.4 s with time steps of 0.2 s (cf. Figure 8)
with a gas temperature contour plot at the plane at an elevation of 2.45m which is just below the burden surface.
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time in agreement with the scarce findings frommeasuring cam-
paigns in real furnaces. The results of the study have gained a
deeper understading of how the measurements above the burden
surface are affected by the intermittent charging, and on the way

in which signals from rapid sensors, such as acoustic gas-
temperature measurements, could be interpreted in the future
to shed more light on the complex and dynamic operation of
the upper part of the blast furnace shaft.

(a)

(b)

(c)

(d)

Figure 15. Mean gas temperature for: a) Ring 1, b) Ring 3, c) Ring 5, and d) Ring 7, defined in Figure 5 at the vertical level z¼ 2.45m. Horizontal axis
depicts the time in seconds. Vertical black and red lines indicate the moment when dumps of coke and pellets have been charged onto the burden surface.
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(a)

(b)

(c)

(d)

Figure 16. Mean vertical component of gas velocity for: a) Ring 1, b) Ring 3, c) Ring 5, and d) Ring 7, defined in Figure 5 at the vertical level z¼ 2.45m.
Horizontal axis depicts the time in seconds. Vertical black and red lines indicate the moment when dumps of coke and pellets have been charged onto the
burden surface.
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