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Slag Flow in the Packed Bed With Varied Properties
and Bed Conditions: Numerical Investigation

X.F. DONG, A. JAYASEKARA, D. SERT, R. FERREIRA, P. GARDIN, S.J. CHEW,
D. PINSON, B.J. MONAGHAN, and P. ZULLI

Molten slag, which is primarily generated in the blast furnace (BF) cohesive zone, trickles down
through the coke packed bed in the form of films, rivulets, or droplets in the lower zone of the
BF. During its downward flow, there are significant interactions occurring between slag and
other phases such as gas, coke particles, hot metal, and fine powders. In terms of these
interactions, slag flow behavior can greatly affect BF productivity and be associated with
furnace irregularities such as channeling, hanging, and slipping. Hence, understanding the
interactions between phases is useful to maximizing BF efficiency in terms of operating cost,
reliability, and production capacity. In the current study, a Volume of Fluid (VOF) modeling
technique was applied to track the movement of individual slag droplets in the packed bed at a
mesoscopic level, considering various bed permeabilities, more wide-ranging slag properties,
and different wettability between slag and packing particles. Results demonstrate the significant
role of modeling at a mesoscopic level in understanding macroscopic slag flow behavior.
Modeling work helps to visualize the trickling behavior of slag droplets in more realistic and
complex conditions representing a BF, and clarify the mechanisms of the different flow patterns
generated for variations in operating conditions. Transient flow characteristics such as localized
slag accumulation and droplet morphology were identified and analyzed in relation to complex
condition changes. The current modeling proved to be a valuable tool to provide a foundation
for better understanding the slag flow behavior and its interactions with other phases in the BF
lower zone.
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I. INTRODUCTION

MOLTEN slag forms in the softening-melting zone
of an ironmaking blast furnace (BF) and then trickles
through the coke packed bed before being discharged
from the taphole, together with hot metal.[1,2] The
formation and dripping of slag have a significant impact

on the BF operation in terms of furnace permeability,
fuel consumption, process stability, product quality, and
productivity.[3,4]

The composition of the initial slag formed in the
cohesive zone, often referred to as primary slag, varies in
relation to charged materials, such as sinter, lump ore,
or pellets. In particular, the iron oxide (FeO) content in
primary slag may range up to 30 pct.[3,5–7] As slag flows
through the coke packed bed in the form of films,
rivulets, or droplets, i.e., a typical trickle flow,[8] its
composition changes through reduction of metallic
oxides, as well as slag assimilation of mineral matter
from coke and remnant char from the combustion and
gasification of pulverized coal. The slag composition will
inevitably vary in the lower zone, both radially and
vertically, such that the primary slag gradually trans-
forms to bosh slag and ultimately to a final slag
composition representative of the hearth slag.[3] In
addition to this, the operating conditions in the furnace,
such as the temperature distribution and the coke
particle surfaces,[9] vary along the slag flow path. Hence,
understanding slag flow behavior in the lower zone is
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critical for designing optimal BF operations particularly
when striving for high production and pulverized coal
rate (PCR).[5]

There have been a number of important observations
reported in relation to slag phenomena in the lower
zone. For example, through examination of samples
from previous BF dissection studies (e.g.,[2]), ‘‘icicles’’
with deposited slag were observed within or near the
softening-melting zone, which is a unique flow pattern.
Furthermore, tuyere-probe samples showed indefi-
nite-shaped slag droplets existing at tuyere level,[5]

possibly indicating variable slag flow behavior as it
trickles through the bed. To better understand the slag
flow behavior through the lower zone coke bed, a
number of low temperature (LT) experiments[10–20] have
been carried out using different aqueous solutions of
inorganic compounds and uncoated/coated particles.
Through these studies, typical liquid flow behaviors
were clarified such as liquid channeling,[19,21] flow
deviation caused by gas phase,[22] and dispersion in the
packed bed.[23,24] However, the aqueous solutions used
in these LT experiments are unlikely to adequately
simulate precisely the key features of molten slag
flow.[25] In terms of wettability, the surface tension of
slag is significantly different from those of aqueous
solutions, and the interfacial tension between slag and
carbonaceous materials in the high temperature condi-
tion cannot be fully replicated in LT experiments. In
particular, sessile drop experiments show that the
contact angle may significantly change when reaction
occurs at the interface between slag and coke parti-
cles.[26,27] The change may become more evident as the
temperature increases.[1] Thus, in recent studies,[25,27–34]

slags with compositions similar to the BF were used in
high temperature (HT) experiments, some involving
laboratory-scale, coke packed beds. From these studies,
estimates of slag holdup in a coke bed were obtained.
These estimates highlighted the differences between LT
and HT experimental results.[25,32]

With improved computational capacity and high
performance computing, a number of numerical inves-
tigations of slag flow in a coke packed bed have been
recently carried out at the mesoscopic level.[30,35–47]

These models require fewer assumptions and empirical
correlations compared to previous numerical work
undertaken at the macroscopic level.[24,48–53] Typically,
numerical techniques such as Smooth Particle Hydro-
dynamic[54,55] and Volume of Fluid (VOF)[56] were
applied to track the liquid droplets movement through
the packed bed at a mesoscopic level. Both approaches
have been applied to investigate single- and binary-liq-
uid flow in the packed bed.[30,35–47] The results show that
the trajectory of liquid droplets can be tracked, provid-
ing detailed information about the interaction between
liquid droplets and particles. These approaches also
demonstrate their potential application[45] for situations
where strong gas interactions, and heat and mass
transfer occur.

In order to achieve higher levels of PCR and BF
productivity, the controllable range and potential irreg-
ularity of slag flow have to be better estimated and
predicted. Moreover, with the urgency to reduce

greenhouse gas emissions globally, the BF ironmaking
process has to adapt to the possible changes in burden
materials and injection conditions. All these changes
bring some level of risk and uncertainty to the furnace
operation, and hence, a better understanding of slag
flow behavior associated with the critical conditions is
required.
Therefore, in this study, a numerical model based on

the VOF approach was applied to investigate the slag
flow behavior, considering more realistic and complex
conditions such as varying bed permeability and
wide-ranging slag properties. This paper is arranged in
the following order. First, wetting and non-wetting slag
flow in the uniform packed bed was investigated. Then,
slag flow in the bed with different poor permeability
regions was studied. Finally, high viscosity slag flow
behaviors in different bed structures were compared.

II. MATHEMATICAL MODELING
AND BOUNDARY CONDITIONS

A. Governing Equations and Methodologies

The Volume of Fluid (VOF) method developed and
validated previously[36,47] was applied to simulate the
slag flow in a coke packed bed. The general governing
equations for mass and momentum transfer, and the
relevant assumptions for slag flow were given in recent
publications[36,47] and briefly summarized in Table I.
Computations were carried out using the ANSYS-Flu-
ent (v19.1) platform.
The following assumptions were imposed for the

mathematical modeling.

� Incompressible multiphase flow
� No mass transfer between phases
� No variations in the surface tension coefficient
� Phases are immiscible with a clearly defined interface
� The system is in a thermal equilibrium
� Phases share the same velocity field
� Laminar flow

The methodologies adopted in the simulation are
summarized in Table II.

B. Computational Domain and Material Properties

Two-dimensional simulations were carried out of slag
flow in a HT experimental packed bed geometry: the
base bed previously described[47] and two other packed
bed set-ups with poor permeability regions. A Cartesian
coordinate system was used. For the base bed, the
packing particles were assumed to be spherical with a
diameter of 10 mm and evenly distributed in the bed to
give a bed porosity of 0.51.
Figure 1(a) shows the computational domain for the

base bed. The inlet, outlet, wall, and symmetric lines are
highlighted via different colors, i.e., red, green, black,
and light green, respectively. The space below the
packed bed was also considered in the simulation to
avoid the effect of the outlet on the numerical results.
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Figures 1(b) and (c) show the 2D computational
domains for the beds with central and deadman-shaped
poor permeability regions, respectively. Note that dead-
man refers to the quasi-stagnant core region of coke in
the lower part of blast furnace.[1] In general, the bed
permeability is a function of bed porosity, particle size,
and shape.[57] The permeability increases with increasing
particle size and bed porosity. In this study, only particle
size, ds, is changed to achieve permeability changes.
Particles in the central region [Figure 1(b)] and deadman
region [Figure 1(c)] are changed to 5 mm diameter, with
the porosity remaining unchanged cf. the base bed
condition.

Considering an intrinsic difference between two- and
three-dimensional conditions, i.e., non-identical path-
ways between 2 and 3D conditions, the current simu-
lation results should be considered for qualitative
analysis.

In this study, the base slag previously used in the
experimental study[32] was applied. This is a typical
SiO2-MgO-CaO–Al2O3 quaternary slag. The properties
of slag are given in Table III. Surface tension and
density were calculated via NPL models,[59] and viscos-
ity via the Riboud[60] model.

In the BF, the slag viscosity and contact angle with
carbonaceous materials may vary significantly. The
effect of these two key properties on flow behavior will
be investigated in subsequent sections. In Sections III–A
and III–B, four contact angles between slag and particle
surface, 157, 120, 90, and 60 deg, were considered,
representing a transition from non-wetting to wetting
slag condition. The value of 157 deg (a relatively
non-wetting condition) was based on recent sessile drop
measurements undertaken by the authors for a
slag-graphite system. The value of 60 deg represents a
relatively wetting condition in the case of slag-coke/

mineral matter reaction,[27,33,61] while 120 and 90 deg
contact angles represent variations in wettability
between non-wetting and wetting cases.
For the upper and lower wall surfaces, the slag

wettability was considered to be completely non-wet-
ting, i.e., a contact angle of 180 deg.
In Section III–B–3, changing the slag viscosity from

the base value (calculated as 0.264 Pa s) to four times
this value (1.056 Pa s) was investigated. The latter value
represents possible impacts on viscosity of slag, such as
the effect of fines on the effective viscosity and/or slag
subjected to lower temperatures in the lower zone.

C. Initial and Boundary Conditions

1. Initial condition
At the beginning of a simulation for each packed bed

geometry, a slag region was patched near the inlet in the
computational domain. The patch was initialized with a
volume fraction set to unity for the slag phase and a zero
velocity. Figure 2 shows the initial slag conditions for
each packed bed. Each initial condition corresponds to
the mass of slag that would flow into the bed within a
period of 0.5 s.

2. Inlet condition
In the simulations, a periodic inlet condition was used

for slag flow in the packed bed. The slag is periodically
fed into the packed bed from four inlets at the top. The
inlet slag velocity was set to be 5 mm s�1 with reference
to the treatment in the literature.[35] The slag is fed into
the bed in the following manner:

� In each time period of 0.75 second, slag is added to
the bed in the first 0.5 second

� For each inlet, only 80 pct of the inlet area is used for
slag flow

� The position of the slag inlet area, i.e., 80 pct of each
inlet, randomly changes every 0.75 second, attempt-

Table I. Governing Equations

Equations Descriptions

Continuity @ei
@t þr � eiuð Þ ¼ 0 (1)

Momentum @
@t quð Þ þ r � quuð Þ ¼ �rpþr � sþqg þ F (2)

s ¼ l ruþ ruð ÞT
h i

(3)

F ¼ 2qjirijrei=ðqi þ qjÞ in case of two phases (4)

ji ¼ r � rei= reij jð Þ (5)

Table II. Methodologies Used in the Simulation

Items Schemes

Body Force implicitly treated[57]

Discretization of Convective Terms second order upwind scheme
Gradient Used to Discretize the Convection and Diffusion Terms Green-Gauss node based treatment[58]

Velocity–Pressure Coupling SIMPLE algorithm
Calculation of the Volume Fraction implicit formulation
Temporal Derivation bounded second order implicit
Calculation of Face Fluxes modified HRIC
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ing to reflect the uncertainty of slag droplet genera-
tion in practice

Through the above treatment, within every 0.75 sec-
ond, slag droplets with an equivalent diameter of ~ 3.5
mm can be generated, which is based on estimations in
the literature.[53] Note that the normalized random
number, (float) rand()/RAND_MAX, was used to help
implement the random variation of slag inlet location
via a ANSYS-Fluent user-defined function, providing a
comparable feed distribution between cases.

3. Wall
For the walls, a no-slip boundary condition was

imposed for the slag velocities. The effect of wall
adhesion at phase interfaces in contact with the wall
boundary can be estimated considering the contact angle
of slag at the wall hiw in the evaluation of the interfacial
curvature near the wall. This is described by

ji ¼ r � n̂iw cos hiw þ t̂iw sin hiwð Þ ½6�

where n̂iw and t̂iw are the unit vector normal and tan-
gential to the wall.
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Fig. 1—2-D computational domain for slag flow in the packed bed (unit: mm): (a) base bed; (b) bed with central region of poor permeability;
and (c) bed with deadman-shaped poor permeability region.
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4. Outlet
A pressure outlet boundary condition was used for

the outlet at the bottom of the packed bed.

III. RESULTS AND DISCUSSION

A. Slag Flow in the Base Packed Bed with Different
Wettability

Figure 3 shows the slag flow fields at time t = 18 sec-
onds for different contact angles in the base packed bed
condition. Note that each computational case has run
for 18 seconds, which is based on a quasi-steady state

result being attained for the base slag condition. As
mentioned, the contact angle change from 157 to 60 deg
simulates the influence of non-wetting and wetting
conditions, which characterize the relation between
adhesive and cohesive forces acting, and reflects reac-
tions that may occur at the coke particle surface.
As the contact angle (h) between slag and the solid

particle surface decreases, i.e., characteristic of an
increased adhesive force between slag and solid parti-
cles, the trickle flow of slag in the packed bed slows
down. Compared to the non-wetting condition
(h = 157 deg), the wetting condition (h = 60 deg)
shows different flow behavior and slag holdup

Table III. Properties of Base Slag Used in the Simulation

Liquid

Composition, Wt Pct

Viscosity, l, PaÆs Surface Tension, r, NÆm�1
Density,
q, kgÆm�3 T, �CCaO SiO2 Al2O3 MgO

Slag 40.7 37.4 12.5 8.8 0.264 0.493 2675 1500

Fig. 2—Initial slag conditions in (a) base bed; (b) bed with central region of poor permeability; and (c) bed with deadman-shaped poor
permeability region.

Fig. 3—Simulated slag flow in the packed bed at time t = 18 s for different contact angles: (a) 157 deg, (b) 120 deg, (c) 90 deg, and (d) 60 deg.
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distributions. The simulation results suggest that a
non-wetting slag is likely to accumulate in the upper
part of the bed. Once the hydrostatic pressure is
sufficiently high, the slag can overcome the bed resis-
tance and trickle through the lower part of the bed quite
easily. On the other hand, a wetting slag is likely to
accumulate throughout the packed bed and an evident
creeping flow can be formed. It is estimated that the
contact area between slag and solid particles may
increase if the slag condition is more wetting.

Based on the simulated results, detailed information
such as slag volume fraction, droplet characteristics
(e.g., size and shape), and contact length between slag
and packing particle can be obtained.

1. Variation of slag volume fraction
Figure 4 shows the variation of total slag volume

fraction in the packed particle region. In the early
stages, a gradual increase in slag volume fraction
indicates an accumulation of slag in the packed bed.
Among the four different wetting conditions, the flow of
the more non-wetting slag (h = 157 deg) is the smooth-
est such that the earliest drop in volume fraction occurs
at ~ 5 seconds (due to a large liquid droplet flowing out
of bed) and the overall slag volume fraction is the
lowest. In comparison, the more wetting slag
(h = 60 deg) has the highest total volume fraction,
and the first significant change in volume fraction occurs
at ~ 10 seconds. Within the computational time period
of 18 seconds, there appears to be no clear difference in
the total slag volume fraction trends for the other two
slags (h = 120 and 90 deg). Note that during those
periods with positive changes of slag volume fraction,
the similar slopes reflect slag continuously being fed into
the bed, and only a small amount of slag is flowing out
of the bed.

2. Variations of slag circularity
In the packed bed, slag droplets/rivulets have, for the

majority of the time, indefinite shapes. This means that
as droplets flow through gaps between particles, or
squeeze into gaps, non-spherical deformed shapes are
formed. This is particularly true for a more wetting slag.

Interestingly, Ichida et al.[5] report results from tuyere
sampling probes that showed solidified slag of different
shapes: (1) blocked-shaped slag, possibly representing
slag with high residence time in the furnace; and, in
contrast, (2) indefinite-shaped slag, possibly represent-
ing dripping slag, i.e., dynamic slag holdup when
operating a BF.
In considering the current numerical results, such as

those shown in Figure 3, there is uncertainty regarding
the representativeness of indefinite-shaped slag droplets/
rivulets within the bed, i.e., dripping status. To help
understand the slag morphology change with wettability
and flow behavior, the variation of average slag droplet
circularity with time for different contact angles is
generated, as shown in Figure 5.
The droplet’s circularity, Cdroplet, is defined as[62]

Cdroplet ¼ 4pAdroplet=P
2
droplet ½7�

Adroplet and Pdroplet refer to the equivalent area and
perimeter of a chosen droplet. Circularity values of 1.0
and approaching 0.0 indicate a perfect circle and an
increasingly elongated polygon, respectively. Note that
to avoid the effect of some tiny droplets hanging below
the particles, droplets with circular radii less than
0.8 mm were not considered in the calculation of dro-
plet circularity and relevant droplet size analysis.
Among all the tested contact angles, the circularity for

the high wetting slag droplets is the lowest because this
slag is more likely to flow over the particle surface. It
also indicates that a wetting slag has a larger contact
area with solid particles than non-wetting slag.
The variation of droplet circularity for a given contact

angle is generally inversely proportional to the corre-
sponding droplet size variation. To illustrate, for the
non-wetting slag (h = 157 deg), the lowest value of
circularity corresponds to the largest droplet size (Fig-
ure 6). Hence, as the large droplets form in the base bed
condition and subsequently flow through the bed, very
deformed liquid rivulets can be formed.
Based on the above observations, two key factors

affecting the indefinite-shaped slag in the base bed
condition are the wettability and slag status such as
static or dynamic holdup. Though beyond the scope of
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the current study, it is likely that particle size and shape
will also affect droplet circularity. In this regard, caution
should be exercised in applying the slag morphology to
estimate the dripping or non-dripping status of slag.

3. Contact length between slag and packing particles
Figure 7 shows the variation of contact length

between slag and packing particles. The current simu-
lations were carried out under 2D conditions, so the
contact ‘‘area’’ between slag and particle surface is
represented by the contact length. The total contact
length between slag and particle surface at time t, i.e.,
Lt, can be obtained based on the following relationship,

Lt ¼
Xn
i¼1

lxi;t ½8�

where xi is the i-th pixel at the interface between slag
and particle surface, l is the pixel size, and n is the
total number of pixels at the interface.

The interface between slag and particle surface at time
t was identified based on the RGB value of each pixel in
the image file outputted at time t. The image files are the
same as snapshots shown in Figure 3.

The variation of contact length is generally consistent
with the change of slag holdup (volume fraction) in
Figure 4. The higher the slag volume fraction, the more
likely slag is in contact with the particle surface. Both

show the wetting condition enhances the contact length,
i.e., slag–solid interaction and reaction area increase
with decreasing contact angle.
As shown in Figure 8, for the non-wetting slag

(h = 157 deg), both slag holdup and droplet size are
proportional to contact length; for the wetting slag
(h = 60 deg), slag holdup remains proportional to
contact length, but the relationship with droplet size is
weak across the range of contact lengths. It is reasonable
to propose the contact area represented by the contact
length increases with more slag held up in the packed
bed for both wetting and non-wetting slag. In the case of
the wetting slag, holdup is higher. This indicates that the
slag holdup could be used as a key indicator for the
interaction contact area between slag and coke particles
in the blast furnace.

4. Effect of contact angles on drain curves
Figure 9 compares macroscopic level trends/drain

curves for different contact angles. As the flow changes
from trickling (non-wetting slag) to creeping (wetting)
flow, both total holdup and residence time of slag in the
packed bed increase. As the wettability increases, i.e.,
contact angle decreases, the starting time for slag
flowing out of the packed bed is significantly delayed.
It is noteworthy that the step changes in the drain curve
are qualitatively consistent with experimental observa-
tions for non-wetting slag flow,[47] which is determined
by the extent of slag accumulation in the packed bed.
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5. Evolution of slag held up in the gap between particles
For the more wetting slag (h = 60 deg), the evolution

of slag in the gap between particles was closely tracked,
as shown every 0.25 second in Figure 10. In Fig-
ure 10(a), the slag bridging between two particles could
be treated as static holdup. However, in some respects,
this holdup may not actually be ‘‘static.’’ It may be
replaced by the slag dripping from above, as demon-
strated in Figures 10(a) through (f). It indicates that
there are different states of static holdup in the bed, even
only from the viewpoint of flow behavior. The amount
of slag absorbed into the pore of particles or staying in
dead spots of the packed bed is ‘‘inactive’’ static holdup.
The amount of slag on the surface or simply bridging the
particles is ‘‘active’’ static holdup, which could be
continuously replaced by ‘‘new’’ slag. It is speculated
that ‘‘active’’ static slag holdup occupies a high propor-
tion of the total static holdup. It is evident that this part
of slag has longer contact time with particles compared
to dynamic holdup and can be also actively involved in
the interaction with packed particles. Generally speak-
ing, in the BF, this static holdup can contribute to the
reaction between slag and coke, consumption of coke
and slag transformation (primary to final slag). It is
worth acknowledging that the exchange of ‘‘active’’ and
‘‘inactive’’ static holdup may occur as the overall
situation changes such as the movement of coke bed
or the change of slag wettability due to reactions.

B. Slag Flow in the Packed Bed with Poor Permeability
Region

In this section, the slag flow through a packed bed
with (a) a central and (b) deadman-shaped poor
permeability region is investigated.

1. Central, poor permeability region
A central, poor permeability region is mainly used to

investigate the influence of varied packing structure. As
introduced in Section II–B, only particle size is reduced
in the central region, and the gap/opening between
particles is narrower. The overall porosity in this region
is the same as that in the uniform bed.
Figure 11 shows the simulated slag flow through this

packed bed at 18 seconds. For a more non-wetting
condition (h = 157 deg), the results show slag bypass-
ing the central region. With the decreased opening
between particles, the slag easily accumulates above the
poor permeability central region. Once the column of
accumulated slag reaches a certain height, the slag finds
another path i.e., flow deviation occurs. Both our
previous funnel experiments and simulations[27,36] sup-
port this flow blockage phenomenon.
As the contact angle decreases, the hydrostatic height

to overcome the adhesive force between slag and solid
particles is reached such that slag can flow into the
central region. For example, as shown in Figure 11(d),
the more wetting slag (h = 60 deg) no longer bypasses
the central region; instead, the slag flows into and
through the central region, but with slower velocity. The
increased spreading or dispersion of slag through this
region is also more evident. From a gas permeability
perspective, a wetting slag may more easily deteriorate a
low permeability region through increased holdup.
Moreover, the wetting condition also increases the
chance of coke particles interacting with slag in a low
permeability region.
Figure 12 further compares the four corresponding

drain curves for a packed bed with a central, poor
permeability region. The drain curve for the base bed
and more non-wetting slag (h = 157 deg) is provided
for comparison.
Across the four slags, the more wetting (h = 60 deg)

causes the highest holdup and longest residence time.
Compared to the base bed condition, all drain curves for
a bed with a central poor permeability region show
increased average holdup and residence time. Most of
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Fig. 9—Comparison of drain curves for different contact angles.

Fig. 10—Evolution of slag hold up in the gap at different times: (a) 13.5 s, (b) 13.75 s, (c) 14 s, (d) 14.25 s, (e) 14.5 s, and (f) 14.75 s.
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these show a pattern of alternating long and then several
short steps, which is likely due to variations in slag
accumulation times, across different regions. The alter-
nating pattern reflects different slag flow paths which
overlap at the bottom outlet.

Overall, this type of macroscopic flow behavior can be
used to infer the existence of non-uniform packing
structures in HT experiments.[32] In the experiments, the
local coke packing structure cannot be fully controlled,
particularly for irregular coke particles. Hence, even
though the overall bed porosity remains the same, it is
observed that the drain curves experimentally obtained
can be variable.

2. Deadman-shaped poor permeability region
To further investigate the effect of a poor permeability

region on slag flow behavior, a bed with a dead-
man-shaped region [Figure 1(c)] was considered. In this
deadman region, the overall porosity is the same as that
in the base bed condition [Figure 1(a)].

The calculated slag flow fields at 18 seconds are
shown in Figure 13. For the more non-wetting slag
(h = 157 deg), most of the slag flows around the
deadman region, with higher slag holdups near the
interface. As the contact angle decreases, slag can flow
into the deadman region. In particular, the flow path for
the more wetting slag (h = 60 deg) appears stream-like
rather than discrete droplets [Figure 13(d)]. Once flow
paths have been formed, the slag prefers to flow along
these paths because less energy is required. Beyond the
deadman region, slag flows as discrete droplets. Similar
observations have been reported elsewhere. Stream-like
flow paths in a packed bed with particle size of 5 mm
have been observed in LT experiments[19,21] using dyed
water as the liquid phase with a contact angle of 65 deg;
this was not the case for 10 mm particles. There is strong
indication that steam-like flow in a packed bed is closely
related to both particle morphology and liquid
wettability.
Compared to the results with uniform packed bed in

Figure 3, the capillary effect of slag flowing in the bed
with poor permeability region is evident. For non-wet-
ting slag, the capillary effect can be reflected by the
overloading behavior or congestion at the packing
surface of poor permeability region. For wetting slag,
the slag enters the poor permeability region relatively
easily, with dispersion evident.[63] However, gravity still
plays a dominant role so that it is observed that slag
flow is directional. Currently, the capillary constant
(number)[64] based on gravity and surface tension,
cohesive force, adhesive force in terms of the liquid-wall
interaction, and complex flow path is inherently consid-
ered in the modeling. This determines the final flow
behavior of slag in the packed bed.
Figure 14 shows the comparison of drain curves for

the slag flow in the packed bed with the dead-
man-shaped, low permeability region. Within the 18 sec-
onds time period, the more non-wetting slag
(h = 157 deg) presents higher holdup and longer resi-
dence time compared to the base bed result. However,

Fig. 11—Simulated slag flow in the packed bed with central region of poor permeability at time t = 18 s for different contact angles: (a)
157 deg, (b) 120 deg, (c) 90 deg, and (d) 60 deg.
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compared to the other drain curves (which are not
significantly different), this slag has the lowest holdup
and shortest residence time.

To understand the effect of the poor permeability
region on slag flow behavior, three sub-regions were
analyzed [Figure 15(a)]: Region 1, the poor permeability
region, representing an area of ~ 1332 mm2; Region 2,
across the surface of the poor permeability region, ~ 836
mm2; and Region 3, beyond the poor permeability
region, ~ 1684 mm2. Region 2 includes one layer of
small particles on the left side of the interface centerline
and half of one layer of large particles on the right side.
Figure 15(b) shows the base bed configuration.

The variation of slag volume fraction in different
sub-regions is shown in Figure 16. The variation of slag
volume fraction in the base bed region [Figure 15(b)]
and base condition (Table III) is also provided for
comparison.

Figure 16(a) shows that within the 18 seconds period,
only a small volume of the more non-wetting slag
(h = 157 deg) flows into the poor permeability sub-re-
gion (Region 1). In the interface region (Region 2), the

slag volume fraction is much higher. The variation of
slag volume fraction outside the poor permeability
region (Region 3) follows closely the trend for the base
bed region and base condition.
Although the drain curves for other slags (h = 120,

90, 60 deg) are relatively similar (Figure 14), the flow
behaviors in the different sub-regions differ. In partic-
ular, for h = 120 deg [Figure 13(b)], the slag volume
fraction in Region 2 steadily increases from 10 seconds
onwards. This is due to slag accumulation at the
interface. As wetting increases, e.g., h = 90 deg, slag
accumulation at the interface is less evident with more
liquid entering Region 1. The slag distribution in the
poor permeability region (Region 1) and its surface
(Region 2) is similar.
From a gas permeability perspective, the above

observations indicate that the more non-wetting slag is
likely to only deteriorate the interface sub-region
(Region 2) through reducing space for gas flow, while
the more wetting slags deteriorate both the interface and
internal region of poor permeability.

Fig. 13—Simulated slag flow in the packed bed with deadman-shaped poor permeability region at time t = 18 s for different contact angles: (a)
157 deg, (b) 120 deg, (c) 90 deg, and (d) 60 deg.
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Fig. 15—Regions used to compare the variation of slag volume
fraction (unit: mm): (a) sub-regions in the bed with deadman-shaped
poor permeability region, and (b) base bed region.
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3. Slag flow in packed beds with different viscosities
Figure 17 shows the slag flow field at time t = 18 sec-

onds as the viscosity changes from the base value
(0.264 Pa s) to four times this value (1.056 Pa s). The
three previously described packed beds are investigated:

base bed; bed with central region of poor permeability;
and bed with deadman-shaped poor permeability
region. The more non-wetting slag is used
(h = 157 deg).
In the base bed condition, the residence time of slag

in the upper part of bed increases as viscosity increases.
Thus, it is easier for slag droplets to coalesce into large
ones and total holdup increases. For the bed with a
central region of poor permeability, both the base slag
and high viscosity slag can bypass the central region.
However, for the bed with a deadman-shaped region of
poor permeability, a large amount of high viscosity
slag can accumulate at the bed surface. Compared to
the base condition, a high slag column can be formed
in the case with high viscosity so that the hydrostatic
pressure overcomes the bed resistance and the slag
flows into the poor permeability region. In this regard,
long stream-like flow paths can be observed in this
region [Figure 17(f)]. In practice, particularly in the
case of high PCR, it may be speculated that as the
apparent viscosity of dripping slag increases due to, for
example, assimilation of unburnt pulverized coal and/
or fine coke, accumulated slag in the interface region
may further deteriorate the gas permeability in the
deadman.
A comparison of drain curves for the different beds

(Figure 18) shows different starting points for slag flow
out. For the base bed condition, the slag flows out of
the bed relatively early. While the starting point for the
bed with a central region of poor permeability is
delayed, the subsequent transient flow is not signifi-
cantly different compared with the base bed. These
similar trends further illustrate the important role of
hydrostatic pressure on the slag flow. Despite the
deviated flow around the central region, large rivulets
form and hydrostatic pressure increases to help accel-
erate the slag flow in the bed. For the bed with a
deadman-shaped region of poor permeability, the
larger area of poor permeability results in delayed slag
flow, demonstrated by the large initial step in its drain
curve.

4. Potential application to BF lower zone conditions
Though based on a 2D VOF modeling platform, the

above simulation results and analysis provide new
information concerning the influence of slag properties
and coke bed condition on slag flow behavior in the BF
lower zone.
This particle-scale information could have some

practical relevance. For example, the consequence of
large droplets of a higher viscosity slag formed in the
coke bed and near the deadman (see Figure 17), and the
stream-like flow paths that occur through the deadman
with either a more wetting slag or a higher viscosity slag
[see Figures 13(a) and 17(f)].
In the above case, the higher viscosity slag could

promote gas channeling and the more wetting condition
would more than likely enhance mass and heat transfer
in specific regions of the lower zone. A higher viscosity
and more wetting slag would also lead to higher slag
holdup in the coke bed.
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Fig. 16—Variation of slag volume fraction in the different region for
different contact angles: (a) 157 deg, (b) 120 deg, (c) 90 deg, and (d)
60 deg.
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Furthermore, the easily formed high volume fraction
of slag near the boundary between a permeable coke bed
and a poor permeability region may, potentially, further
deteriorate the permeability of the deadman and its
surrounding region. In particular, this might occur for a
slag trickling down through the dripping zone and
assimilating remnant char or coke fines at high
PCR.[5,65]

Overall, in terms of lower zone bed permeability and
more generally, BF operational design, the modeling
results suggest that a more non-wetting, less viscous slag
is preferred for smooth flow behavior and hence, the
target for slag design.
It should be noted that the above considerations are

preliminary and are only taken from a slag flow
perspective. In the future, heat transfer, slag–metal
interaction, and chemical reactions in the lower part of
BF should be investigated.

Fig. 17—Simulated slag flow with l = 0.264 PaÆs for (a) to (c) and 1.056 PaÆs for (d) to (f), and in the different packed bed conditions: (a), (d)
base bed; (b), (e) bed with central region of poor permeability; and (c), (f) bed with deadman-shaped poor permeability region.
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Fig. 18—Comparison of drain curves for slag flow in the packed bed
with different-shaped poor permeability regions.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 54B, FEBRUARY 2023—67



IV. CONCLUSIONS

Numerical investigation of slag flow behavior in a
packed bed representing the lower zone of a BF was
carried out considering more realistic and complex
conditions such as bed permeability variations and more
wide-ranging slag properties. A 2D VOF modeling
technique was applied to track the movement of
individual slag droplets in the packed bed. This mod-
eling provided more detailed information at a meso-
scopic level regarding the variation of slag droplets size,
contact area, and trajectory, with less empirical corre-
lations and assumptions necessary compared to tradi-
tional macroscopic modeling.

Results show that the variations in wettability, slag
properties, and bed structure not only lead to changes in
holdup and residence time of slag, but evidently, also
generate different flow patterns in the packed bed. The
key findings are summarized below:

� Different slag flow behaviors occurred with viscosity
or slag wettability variations. More wetting condi-
tions can cause a relatively uniform static holdup
distribution; however, a higher viscosity slag results in
the formation of large rivulets.

� A wetting slag flows along the profile of packing
particles, showing a typical creeping flow. Compared
to non-wetting slag flow, there are higher holdup,
larger contact area between slag and particles, and
lower circularity of slag droplets for a wetting slag
flow.

� For regions of poor permeability, the flow direction
of more non-wetting slags is altered, but not so for
wetting slags. Changes in slag flow behavior were
reflected in drain curves.

� Higher slag accumulation occurred at the upper sur-
face (or interface) of the poor permeability region,
particularly for more non-wetting slags.

� At a mesoscopic level, the slag flow is predominately
linked to the formation of the liquid column, i.e., the
balance between static hydrostatic pressure and flow
resistance due to adhesion.

� The indefinite shape of slag droplets becomes more
pronounced in the case of higher slag holdup, larger
droplet size, and a more highly wetting condition.

� Conceptually, slag static holdup is composed of ‘‘in-
active and ‘‘active’’ static holdup, with the latter
experiencing continuous replacement with ‘‘new’’ slag
in the packed bed.

� Numerical results with different permeability regions
highlight the significant influence of packing structure
on the macroscopic flow behavior of slag, reflected by
varied drain curves and blockage phenomena.

In order to obtain a better understanding of slag flow
in the BF, these concluding remarks are suggested to be
further verified under scaled-up and/or 3D simulation
conditions and future experimental trials with different
packing conditions and various primary/bosh/final slag
compositions are also recommended to illuminate the
physical flow behavior.
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ABBREVIATIONS

A Area, m2

C Circularity, –
F Surface tension force, kg m�2 s�2

G Gravitational acceleration, m s�2

l Pixel size, mm
Lt Total contact length between slag and particle

surface at time t, mm
n Total number of pixels at the interface, –
n̂iw Unit vector normal to the wall, –
p Pressure, Pa
P Perimeter, mt Time, s
t̂iw Unit vector tangential to the wall, –
u Velocity, ms�1

xi I-th pixel at the interface between slag and particle
surface,

GREEK

ei Volume fraction of phase i, -
hiw Contact angle of phase i at the wall, Deg
ji Curvature of the interface, m�1

l Viscosity, kg m�1 s�1

q Density, kgm�3

rij Surface tension between phases i and j, kgs�2

s Stress tensor, Pa

SUBSCRIPTS

i Phase i
j Phase j
w Wall
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