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Slag flow behaviour is critically important in the lower zone of the ironmaking blast furnace, and is
closely related to the selection of charged raw materials, coke bed permeability, process stability and
hot metal quality. To better understand the effect of slag properties on flow behaviour in the coke
bed, a numerical approach was applied to characterize the slag flow through funnel analogues.
These analogues were used to represent molten slag flow through the inter-particle voids of a coke
packed bed. A critical funnel neck size, through which no slag flowed was experimentally established
and confirmed by numerical modelling. The influence of slag wettability on the occurrence of
blockage was also determined via numerical modelling. An increase in either contact angle or
surface tension can make the occurrence of blockage easier. For a constant neck size, the
relationship between surface tension and contact angle is non-linear. The status of the remaining
slag in the funnel corresponding to different slag wettabilities was differentiated in terms of the
blockage in the upper part and hanging in the lower part of the funnel. Modelling was also
undertaken of slag flow through the inter-particle void between spherical particles to evaluate
empirical correlations for predicting the remaining slag in the packed bed. These results show that
the numerical approach is very useful in providing some level of guidance to help understand and
predict the slag flow behaviour in the blast furnace ironmaking process.
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I. INTRODUCTION

MOLTEN slag is a critical material in blast furnace
(BF) ironmaking, being initially generated in the soft-
ening-melting zone and flowing through the lower part
of the BF before being discharged from the hearth. It
influences hot metal quality, process stability and hence,
overall operating cost. Slag generation is closely related
to the quality of the charged materials used in the BF.
The increasing use of poorer quality materials and the
requirement for decreasing the amount of carbonaceous

materials used in ironmaking are affecting slag volumes
and compositions.[1] Understanding these changes and
their effects on slag properties are key research drivers in
BF ironmaking. Specifically, an improved knowledge of
the effect of slag properties on the permeability in the
lower part of the BF is required if current BF produc-
tivity levels are to be maintained or even improved.
The flow of reducing gas and liquids (iron and slag) in

the lower zone of the BF is often characterized as flow
through a coke packed bed.[2] A change in slag prop-
erties can result in the local accumulation of liquid in the
coke bed, changing the bed permeability and gas
distribution. Beyond a certain limit, such conditions
can lead to liquid flooding and poor BF stability. In this
regard, the liquid flow behaviour in the BF has been
investigated under different conditions, including one-
and two-dimensional experimental configurations. Early
studies focused on generation of holdup correlations
and understanding the flooding phenomena by using
one-dimensional experimental facilities[3–9] and identifi-
cation of flow regimes and investigation of the effect of
bed structure in two-dimensional apparatus[10–13] under
room temperature (RT) conditions.
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Recently, the liquid flow behaviour and holdup distri-
bution were studied under more realistic,[14–21] high-tem-
perature (HT) conditions. These high-temperature
experiments were carried out based on either packed
beds[14,15,17,20] or funnel analogue conditions.[18,22] Liquid
flow through a funnel was used to simulate either the slag
flow through a pore between coke particles[18] or the
dripping behaviour of slag from the reduced metallic iron
or unreduced ore particles.[22] Experimental results show
that residual slag in the coke packed bed or channel in the
funnel is significantly controlled by slag wettability.[14] It
was confirmed that reaction between slag and coke mineral
matter causes the slag to change from non-wetting to
wetting in the coke bed, particularly for cokes with higher
mineral contents.[15,18,21] Slag and iron appears to flow
concurrently in a funicular type of flow, i.e. the iron flows
through the core of the void, and the slag flows between the
coke and iron.[15] It was also observed that the residual slag
exists in the funnel in different forms such as slag blockage
within the funnel[18] or held up below the funnel.[22]

To quantitatively describe the liquid flow, numerical
models have been proposed to describe the gas and
liquid flows in the BF within the framework of contin-
uum and other approaches, including potential
flow,[23,24] probability,[25] probability-continuous,[26]

tube network dynamic,[27] force balance[28–30] and Vol-
ume of Fluid (VOF)[16,31] models. Most models are
mainly used in simulation at a large scale. Theoretically,
it remains difficult to simulate the division, collection,
coalescence and deformation of liquid droplets using the
continuum approach with an assumption of an inter-
penetrating continuous media. In particular, for
high-temperature conditions, the variation of phase
properties together with the interactions between phases
in relation to changing interfaces, make simulation more
complex. Recent application of the VOF model in
modelling slag-iron flow[16,31] at a particle scale demon-
strated a promising capability in capturing the moving
interface between phases and the change of interface
(between iron and slag) that enhanced the passage of
higher carbon iron through the coke slit.

At a particle scale, a discrete approach presents a
capability to model the coalescence of droplets.[32–39]

Although the study of the movement of liquid droplets
is still at an early stage, the detailed micro-dynamic
information provided by discrete techniques has assisted
in understanding the influence of key factors on liquid
flow behaviour.

However, there are limited numerical studies of wet-
tability in relation to slag properties. In this study, a
numerical investigation was carried out to assess the
influence of wettability on the flow of molten liquids

through the channel of a funnel analogue, representing
the flow of molten liquids through the inter-particle voids
of a coke packed bed. A computational fluid dynamic
(CFD) model was developed and validated through
different conditions to provide a deeper understanding
of molten slag flow behaviour in the funnel. Specifically,
the model was used to assess the effect of changing slag
properties such as wetting angle and surface tension on
critical slag flow conditions, and to further investigate the
slag flow behaviour between the spherical particles.

II. MATHEMATICAL MODEL

The Volume of Fluid (VOF) method[40] was applied to
describe immiscible multiphase flows with distinct inter-
faces in a funnel geometry using the fluid volume
fraction in a computational cell to track the interface
between the phases. To locate the interface in each cell
of the free surface, a piecewise linear interface construc-
tion (PLIC) method[41] was applied so that the interface
can be approximately represented by an oriented line
segment. The general governing equations for mass and
momentum transfer are given in Table I, Eqs. (1)
through (4). Computations were carried out using the
ANSYS-Fluent (v19.1) platform.
In the continuity equation, also called the volume

fraction equation, ei is the volume fraction of phase i, u is
velocity and t is time. Solution of the continuity equation
is used to track the interface between the phases. In the
momentum equation, the surface tension force, F, which is
a function of surface tension between two phases i and j,
rij, is used to account for the interaction between the
phases and between the phases and the wall. A single
momentum equation is solved throughout the domain,
and the resulting velocity field is shared among the phases.
The physical properties of the mixture such as density, q,
and viscosity, l, are volume-fraction-averaged, i.e.

q ¼
X

eiqi ½5�

l ¼
X

eili ½6�

X
ei ¼ 1 ½7�

ji is the curvature of the interface, expressed as

ji ¼ r � rei= reij jð Þ ½8�

Table I. Governing Equations

Equations Descriptions

Continuity Equation @ei
@t þr � eiuð Þ ¼ 0 (1)

Momentum Equation @
@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)
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The following assumptions were imposed for the
mathematical modelling of liquid flow in the funnel
geometry:

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

The initial and boundary conditions were

A. Initial Condition

At the beginning of each simulation, the liquid region
was patched at the corresponding position in the
computational domain. The patch was initialized with
a volume fraction set to unity for the specified liquid
phase and a zero velocity. For validation cases, the
initial liquid region has the same liquid volume as that
used in the setup of experiments.

B. Wall

A no-slip boundary condition was imposed for the
liquid velocities at the wall. The effects of wall adhesion
at phase interfaces in contact with the wall boundary
can be estimated considering the contact angle of each
phase at the wall hiw in the evaluation of the interfacial
curvature near the wall.[42] This is described by

ji ¼ r � n̂iw cos hiw þ t̂iw sin hiwð Þ ½9�

where n̂iw and t̂iw are the unit vector normal and tan-
gential to the wall and n̂i is the unit normal vector at
the interface, expressed by

n̂i ¼ rei= reij j ½10�

C. Outlet and Opening

A pressure outlet boundary condition was set for the
outlet at the bottom and the opening at the top of
funnel.

The following methodologies were adopted in the
simulation:

� Explicit formulation was used to calculate the volume
fraction

� Body force was implicitly treated

� A second order upwind scheme[43] was used for the
discretization of convective terms

� The temporal derivatives were discretized using a first
order implicit method[43]

� The geometric reconstruction scheme[43] was used for
the calculation of face fluxes

� The gradient used to discretize the convection and
diffusion terms was Green-Gauss node based[44]

� The velocity-pressure coupling was solved based on
the SIMPLE algorithm[45]

� Fully structured grids were generated for an accurate
calculation of surface tension.

Numerical simulations were carried out for different
liquids used in both low and high-temperature experi-
mental conditions. The properties of liquids used in the
subsequent sections are given in Table II. Water, Slag A
and Slag B were used in the model validations corre-
sponding to the liquids utilized in experiments. Slag C
was used in the model application to investigate the
effect of wettability on the liquid flow in Section IV. The
slag properties including surface tension, viscosity and
density were calculated via NPL[46] and Riboud[47]

models. Water properties were based on published
literature.[48]

III. MODEL VALIDATION BASED ON RT
AND HT FUNNEL EXPERIMENTS

Numerical modelling was carried out for different
funnel experimental conditions, i.e. water flow in the RT
simulations and slag flow in the HT simulations. The
RT experiments were conducted to visualize the liquid
flow behaviour in the funnel and provide experimental
data for validating the numerical model. The HT
experimental conditions were based on the literature
data with an identified amount of retained slag in the
funnel.[18,22]

A. Modelling of Water Flow in Room Temperature
Funnel Experimental Conditions

A schematic of the RT experimental apparatus is
shown in Figure 1. A 50 mL burette, with a needle of
~ 0.57 mm diameter (ID) attached to the outlet, was
used as a reservoir to deliver liquid to a funnel. The
funnel was made from plexiglass. Three funnels with
different neck diameters of 1, 2 and 3 mm were used.
The geometry of a funnel with a neck diameter of 1 mm
is given in Figure 1(b) as an example. The angle of the
inclined surface in the upper part of each funnel was 60

Table II. Properties of Liquids Used in the Simulation

Liquid

Composition in Mass Pct

Viscosity, l, Pa s Surface Tension, r, N m�1 Density, q, kg m�3 T, �CCaO SiO2 Al2O3 MgO FeO

Slag A 44.0 34.5 12.2 8.8 — 0.178 0.504 2686 1500
Slag B 20.2 22.1 24.7 — 33.0 0.856 0.558 3188 1400
Slag C 40.7 37.4 12.5 8.8 — 0.264 0.493 2675 1500
Water — — — — — 0.001 0.0732 998 20
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deg, which is based on the high-temperature experimen-
tal setup in the literature.[18] The contact angle between
water and plexiglass is required to solve Eq. [9]. This was
measured to be 71.8 deg determined using an optical
tensiometer (USA Kino SL200KS).

Prior to carrying out the experiment, the internal
surface of funnel was cleaned and dried, i.e. the funnel
was firstly rinsed with water, then dewatered by manual
spinning and finally left in a clean container for ~ 2
hours natural drying. The horizontal level of funnel was
established using a spirit level.

In the funnel with a neck diameter of 1 mm, the water
can accumulate without any ‘‘stopper’’ at the outlet of
the funnel. For larger neck diameters, water accumula-
tion in the funnel required a ‘‘stopper’’. Once water
accumulated to a level of 7 to 9 mm above the neck, the
‘‘stopper’’ was removed and the flow behaviour was
recorded using a Sony FDR-AXP55 8.3 MP video
camera.

Figure 2 shows the initial ((a) through (c)) and
corresponding final conditions ((d) through (f)) for
three different funnel neck diameters (1, 2 and 3 mm),
respectively. These results show that the amount of
liquid remaining in the funnel is very sensitive to the
neck size assuming that the other conditions remain
constant. Note that the dash lines in Figure 2 approx-
imately delineate the boundary of water in the funnel.

Numerical modelling was carried out based on the
room temperature experiments using water. Three
funnels with diameters 1, 2 and 3 mm were used in the
simulation, respectively. Figure 3 shows a typical com-
putational domain which corresponds to a funnel with a
diameter 3 mm. For computational efficiency, only one
quarter of the flow domain was taken into account, but
the simulation was still conducted in three-dimensions.
Side elevations of the computational domain in 3D view
were treated as symmetric surfaces, highlighted in
Figure 3(a). Figure 3(b) shows the fully connected
multi-block structured mesh distribution for each side
elevation. The 3D domain was composed of ~ 0.25 M
elements with a sufficiently fine mesh to capture the
liquid interface curvature, and interaction between the
liquid and wall surface. The water properties used in the
simulation are given in Table II.
Simulations were carried out under different funnel

conditions. The measured heights of water in the funnel
were used as the initial condition in the simulations
(Figures 4(a), (c) and (e)), together with the correspond-
ing final steady-state results (Figures 4(b), (d) and (f)).
Similar to the experimental results, simulation results
show that the flow of water is prevented (blocked) at the
neck of a channel with a diameter of 1 mm. The water
can flow through the other funnels with larger neck
diameters. The height of remaining water in the channel
decreases with increasing neck diameter. The water

(a) (b)

60

1 mm
7 mm

10 mm

17 mm

Burette

Clamp

Iron stand

Rotating 
valve

Needle

Funnel
Video 
camera

Collector

Fig. 1—(a) Schematic of the room temperature experimental apparatus (� burette; ` clamp; ´ iron stand; ˆ rotating valve; ˜ needle; Þ funnel;
þ video camera; ¼ collector); (b) geometry of the funnel with a neck diameter of 1 mm.
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heights in the funnel channel with neck diameters of 2
and 3 mm are ~ 8.3 and ~ 6.1 mm (experimental), 8.4
and 3.1 mm (simulated), respectively. Calculated less
water volume remaining in the channel (Figure 4(f)) can
be a key reason for a less curved lower surface compared
to experimental result (Figure 2(f)). Note that the

plexiglass funnels used in the experiment were machined
and then polished, rather than cast via moulds. Imper-
fections on the internal funnel surface and transition
region may cause the variation of adhesive force
between water and funnel surface. This variation can
affect the water flow behaviour in the funnel and the
curvature of water-air interface at the final stage.
Therefore, the comparison between experimental and
simulated results is qualitative.

B. Modelling of Slag Flow in HT Funnel Experimental
Conditions

1. Blockage phenomenon for a non-wetting slag flow
through a funnel
In a previous study,[18] it was found that there is a

minimum channel diameter (neck diameter) required to
allow the free flow of slag through the funnel before any
significant interfacial reactions occur.
To further test the application of the numerical model

for HT conditions, a simulation was set up based on
previous experimental conditions,[18] as shown in Fig-
ure 5(a). The funnel material was a coke analogue, made
from carbonaceous materials and used for the study of
metallurgical cokes.[18] In the funnel, the channel length
was 7 mm and different channel diameters were applied
(1.5 to 5.0 mm). The angle of the inclined surface in the
upper part of funnel is 60 deg. During the HT
experiment, a cylinder shaped slag pellet with mass of
1.42 g and diameter of 10 mm, was placed in the upper
part of funnel. The funnel and slag were heated to 1500

(c)              (a) (b)

(d) (e) (f)

17 mm 

17 mm

Fig. 2—Initial liquid conditions (a) through (c) and corresponding final conditions (d) through (f) for room temperature funnel experiments with
neck diameters of: (a, d) 1 mm, (b, e) 2 mm, (c, f) 3 mm.

(a) (b)

Symmetric 
plane

60°

7 mm
1.5 mm

Fig. 3—(a) 3D view of the reduced computational domain, and (b)
mesh distribution on the side face for a funnel with a neck diameter
of 3 mm. Note: the funnel radii are reported.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 52B, FEBRUARY 2021—259



�C in an inert atmosphere and then held at this
temperature for 30 minutes before cooling to the room
temperature. After cooling, the sample (funnel and slag)
was removed for characterization.

A corresponding full three-dimensional computa-
tional domain was set up and is shown in Figure 5(b).
A neck diameter of 4 mm was used, which corresponded
to a ‘‘blocked’’ flow condition for a particular slag
composition (Slag A) given in Table II. The internal
surface of the funnel was assumed to be smooth. A fully
structured hexahedral mesh was generated for the funnel
so as to improve the solution accuracy and reduce the
number of elements in the simulation.

Figures 6(a) through (b) show the initial conditions
and typical simulation results for blocked flow at 0.2
second. The initial height of the liquid in the funnel was
8.124 mm above the top of the channel. A contact angle
of 160 deg between Slag A and the funnel material was
assumed with reference to measurements in the litera-
ture.[14] In the simulation results, both upper and lower
surfaces of the liquid near the wall show a typical
non-wetting characteristic. The surface curvature is
decided by a balance between gravity and adhesive
forces between slag and solid wall. The result shows an
extruded central part of the slag droplet, causing the
lower surface of slag to significantly deform, such that

(a)    (b) (c) (d) (e) (f)

17 mm

Fig. 4—Initial conditions and final steady-state results for water in the funnel with different neck diameters: 1 mm (a) through (b), 2 mm (c)
through (d) and 3 mm (e) through (f). Note that the initial liquid heights in the three funnels are 14.35, 15.13 and 14.38 mm, respectively.

(a) (b)

4 mm 7 mm

15 mm

60

Fig. 5—(a) High-temperature experimental setup [18]; (b) front view of mesh and dimensions of computational domain. Reprinted from Ref. 18,
with permission.
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the capillary force between slag and wall increases until
this is balanced against the weight of the droplet
(gravity). The capillary force is sufficiently strong to
stop the flow of liquid at the entrance of the channel,
which is confirmed by slag not flowing through the coke
channel (Figure 6(c)). The comparison between experi-
mental results from previous research[18] (see Fig-
ure 6(c)) and the corresponding numerical simulation
result (see Figure 6(b)) is good. The heights of remained
slag in the experimental and simulation results are
~ 14.0 and 11.6 mm, respectively.

2. Hanging phenomena for a wetting slag flow through
a funnel

Compared with the blockage phenomena, Hino
et al.[22] used funnel experiments to identify strong
wetting phenomena for a FeO-CaO-SiO2-Al2O3 slag
system (Slag B, Table II). In their experiments, the
funnel was made from either iron, CaO or MgO. The
synthetic FetO-containing slag flowed through the
funnel to simulate the dripping behaviour of the slag
from reduced metallic iron or unreduced ore particles.
The angle of the inclined surface in the upper part of this
funnel was 55 deg. The channel neck diameter was 4
mm. During the experiment, a slag tablet with an initial

mass of 4 g was first put on the funnel and then heated
under inert atmosphere. The weight change of the
sample was continuously monitored by a thermo-bal-
ance. The sample was finally cooled to room tempera-
ture for measurement.
Hino et al.[22] observed that the slag flowed through

the funnel and then wetted, or attached to, the lower
surface of the funnel. The shape of the liquid slag
hanging below the funnel was found to be predomi-
nantly related to the extent of slag wettability of the
funnel materials used. Their data provided further
opportunity to validate the numerical model described
previously. As shown in Figure 7(b), a computational
domain was set up to reproduce their experimental
setup.[22] The space below the funnel was also considered
in the simulation to enable the possible hanging phe-
nomena to be calculated. A structured mesh was
generated as shown in Figure 7(c).
The slag properties used in the simulation are given in

Table II. Note that the contact angle was not provided
by Hino et al.[22] A value of 60 deg was assumed. The
choice of this value was based on the wetting nature of
high FeO-containing slag shown in the Hino et al.[22]

study and that reported elsewhere.[49]

(a) (b) (c)

4 mm

8.124 mm

Fig. 6—Simulation results at (a) 0 s and (b) 0.2 s; experimental results for slag blockage in the funnel: (c) a section of a funnel.[18] Reprinted
from Ref 18, with permission.

(a) (b) (c)    

5 mm

4 mm

55
20 mm

10 mm17 mm

Fig. 7—(a) Experimental funnel setup[22]; (b) dimensions of computational domain; (c) computational mesh.
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Figures 8(a) through (c) show the calculated liquid
distributions at times of t = 0.0, 4.0, and 8.0 seconds,
respectively. Simulation results show that the slag
accumulates and spreads at the lower surface of the
funnel. After a droplet falls from the funnel, the slag
finally forms a dome shape below the funnel. Qualita-
tively, these results are comparable with Hino et al.’s
experimental observations.[22] These results present a
large spreading diameter, with the dome shape main-
tained at the final experimental stage. The height/width
of domes in the experimental observations and simula-
tion results are ~ 7.8/15.2 and 4.7/11.5 mm, respectively.
In this wetting condition case, the major driving force
for spreading is the capillary force along the lower
surface of the funnel.

In summary, the non-wetting and wetting behaviours
of slag described in this section identify two possible
phenomena for slag holdup within the BF coke bed: (a)
for non-wetting conditions, the possibility of the inter-
stitial space above particles retaining or being blocked
by slag; and (b) for wetting conditions, the possibility of
the interstitial space below particles being blocked by
slag adherence to the particles. These phenomena are
differentiated by the slag wettability.

IV. MODEL APPLICATION

A. Critical Conditions for Blockage of Non-wetting Slag
Above Channels

A series of simulations with varying surface tension
and contact angles were carried out for the non-wetting
liquid, Slag C, in order to determine its flow behaviour
(blocked or unblocked flow) through funnel channels
with different neck diameters, viz. 4.4 or 5 mm. As
surface tension refers to the cohesive force within the
slag and the contact angle reflects the interfacial tension
between slag and funnel materials, it is expected that the
influence of wettability on slag flow can be well
represented. Excluding the neck diameters, the funnel
profile is the same as Figure 5(b). The initial height of
the liquid in the funnel was 10 mm. The other properties
of Slag C used in the simulation are listed in Table II.
The results, which are summarized in Figure 9, highlight
the relationship between liquid properties in terms of
surface tension and contact angle and the blockage of
liquid slag. With a large contact angle, liquid slag with
relatively low surface tension will lead to a blocked flow
condition. As the contact angle decreases, liquid slag
flow into the funnel channel becomes easier. It should be
noted that the exact transition between blocked and
unblocked flow given in Figure 9 is closely related to the
initial height of the liquid. It is expected that for a higher
initial liquid height, the unblocked flow region will
expand. However, the relative relationship between
contact angle and surface tension should maintain a
similar trend.
Corresponding to each channel diameter, in terms of

the occurrence of blockage, the relationship between
contact angle and surface tension is non-linear. At high
contact angles (> 160 deg), the surface tension leading
to blockage is almost constant, but for lower contact
angles (140 to 160 deg), the surface tension that is
required to cause blockage is much higher. As the
channel diameter increases from 4.4 to 5 mm, for the
same contact angle, an increase of 20 to 30 pct in surface
tension can block flow. Note that dot and triangle
symbols in Figure 9 refer to the calculated results using
funnels with a neck diameter of 4.4 and 5 mm,
respectively. Solid and hollow symbols correspond to
occurrences of unblocked and blocked flow,

(a) (b)

4 mm

(c) (d)

Fig. 8—Simulation results for Slag B (33 wt pct FeO) at different
times: (a) 0, (b) 4.0 and (c) 8.0 s; experimental results: (c) a view of
the iron funnel after the experiment.[22] Note that the initial height
of slag in the funnel is 10.81 mm.

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

135 140 145 150 155 160 165 170 175 180

σ,
 N

·m
-1

θ,

Unblocked flow region

Blocked flow region

d = 5 mm

d = 4.4 mm

Fig. 9—Relationship between liquid properties, contact angle and
surface tension, and the blockage of liquid slag in the funnel. Note
that d refers to the diameter of the channel in the funnel.
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respectively. Considering that the interstitial space
between particles, which the channel represents, is a
function of packed particle size, Figure 9 indirectly
shows the effect of coke particle size on liquid slag flow.
Larger particle sizes are associated with less blockage,
and therefore smoother slag flow through the packed
bed.

In a BF, as the slag forms within the cohesive zone
and drips through the coke bed, the wettability of slag
with the packed coke particles may change significantly
from wetting to non-wetting conditions due to the
variation of slag composition, temperature and packing
properties. In particular, small coke particles and
unburnt pulverized coal exist in the lower part of the
coke bed, which may significantly affect the slag
wettability. In an extreme condition, a non-wetting slag
is more likely to block gas passage among coke particles
from the upper side in the lower region of a BF. In this
regard, both significant slag redistribution and local
flooding may occur.

B. Liquid Slag Flow Among the Spherical Particles

Compared with the slag flow in a funnel, a more
realistic condition can be considered, such as a bed with
spherical particles in a close-packed structure. As slag
flows through the interstitial (void) space between
spherical particles, it may partially or fully occupy this
void space, depending on its properties and flow
condition. To characterize the effect of this void space
on the slag flow, particularly considering the narrowest
part (neck) of the space, an equivalent diameter was
used to represent the void area between three touching
particles on a horizontal plane across the centres of
these particles. Note that the equivalent diameter was
defined as the diameter of a circle with the same area as
the void area between particles on the neck plane.
Corresponding to a particle diameter of 10 mm similar
to that used in high-temperature packed bed experi-
ments,[20] the calculated equivalent diameter between
three spherical particles is ~ 2.3 mm. For a loose random
packing, the average neck size between particles will be
larger than this value. Hence, the numerical investiga-
tions were carried out over a range of equivalent
diameters (2 to 8 mm).

To reduce the computational cost, only a two-dimen-
sional condition was used in the simulation. Considering
the realistic condition is three-dimensional, it is expected
that two-dimensional modelling results are qualitative,
but also constructive. Figure 10(a) shows the reduced
geometry in a two-dimensional computational domain.
As shown in Figure 10(a), the axis of symmetry between
the two particles is used, so the labelled value (1 to 4
mm) corresponds to an actual neck size between two
spherical particles varying from 2 to 8 mm. The initial
condition for the slag flow was a slag column height
between the particles of 2 mm commencing 1 mm above
the neck (Figure 10(b)). The initial slag column heights
are the same to permit the same initial liquid hydrostatic
pressure for different scenarios. Using Slag C, a series of
contact angles and neck sizes were applied to investigate
their effects on the slag flow. For each neck diameter, a

range of slag wettability, from wetting to non-wetting
conditions, was used, i.e. contact angle varying from 60
to 160 deg.
For each scenario, steady-state results at time t = 0.3

seconds were achieved and are given in Figures 11, 12,
13 and 14. It should be noted that in Figure 14(b),
intermediate results are given because all slag in the
space flowed out before 0.3 seconds. The contact area
between slag and particle significantly changes as the
neck diameter and contact angle increase. It is relatively
easy for a slag with a high contact angle to pass through
the gap between particles with a large neck diameter. As
the contact angle increases within a certain range
(Figures 11(a), 12(a) and 13(a)), the contact area
between the slag and particle surface decreases. For
the cases with remaining slag in the gap between
particles, the slag level becomes lower as the contact
angle or neck diameter increases. As one or the other
increase, the influence of the adhesive (capillary) force
on the central part of the slag becomes less significant.
Generally, if the blockage does not occur, with

increasing contact angle, the slag is likely to more easily
pass through the gap between the particles. However,
for a narrow neck size, a strong non-wetting slag can
cause slag to be held up above the neck as shown in
Figure 14(a), i.e. as the contact angle increases above a
certain value (e.g. 160 deg in this case).
For a non-wetting liquid slag, with a relatively high

ratio of attractive forces within the liquid to those
between liquid and solid surface, i.e. a high ratio of
cohesive force to adhesive force,[50] the liquid separates
from the surface of the particles quite easily as it flows
downwards and a more spherical droplet is formed. For
a wetting liquid slag, the liquid is more likely to flow
along the surface of particles and form a shape to a large
degree dictated by the topological structure of the
particles. Therefore, on this basis, correlations predict-
ing the amount of slag remaining or held up in a packed
bed should reflect the following,

� for a contact angle of 90 deg, the static holdup is not
zero,

� the potential zero static holdup at a contact angle of
180 deg is conditional and closely related to the
packing condition and

(a) (b)

R = 5 mmVarying from 1 
mm to 4 mm 

2 mm

Fig. 10—(a) Dimensions of 2D computational domain and (b) initial
slag condition. Note that R refers to the radius of the spherical
particle.
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� for a certain packing condition, an optimum contact
angle may exist for a minimum static holdup.

While the actual BF lower zone system is more
complex than the simplified systems evaluated in this
investigation, the latter provides further understanding
that helps clarify some of the flow features occurring in
the former. For example, in relation to variations in slag
wettability, the numerical results describing hanging and

Fig. 11—Static holdup distribution for a contact angle of 60 deg and
a neck diameter of (a) 2; (b) 4; (c) 6; and (d) 8 mm at time t = 0.3 s.

Fig. 12—Static holdup distribution for a contact angle of 90 deg and
a neck diameter of (a) 2; (b) 4; (c) 6; and (d) 8 mm at time t = 0.3 s.

Fig. 13—Static holdup distribution for a contact angle of 120 deg
and a neck diameter of (a) 2; (b) 4; (c) 6; (d) 8 mm at time t = 0.3 s.

Fig. 14—Static holdup distribution for a contact angle of 160 deg
and a neck diameter of (a) 2 and (b) 4 mm at time t = 0.3 s and
0.04 s, respectively.
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blockage phenomena indicate that the residence time
and the amount of slag remaining between the coke
particles could significantly change in the various slag
formation zones in the BF. This may, in turn, cause
variations in coalescence and division of slag rivulets
within the bed and/or impact the contact made between
slag and liquid iron, coke particles and ascending gas in
these zones. Another example is the effect of local
packing structure, which must also be assessed in these
zones. The numerical results indicate that although a
non-wetting condition can generally help improve the
slag flow, a poorer condition such as a narrow neck size
between particles can lead to blockage of slag. This
suggests that a threshold exists with respect to packing
structure, and beyond this, any consideration to adjust
slag wettability for improved flow in the BF is expected
to be limited. In this regard, the microscopic scale
modelling undertaken in this research can potentially be
extended to a larger scale for characterizing the inter-
action between phases for better BF process control and
optimization.

V. CONCLUSIONS

The molten slag flow through the inter-particle voids
of a packed bed was numerically studied as part of an
investigation of the molten liquid flow in the blast
furnace lower zone. The slag interface and volume
distribution were tracked at a particle scale based on the
Volume of Fluid method. It was found that

� Changing slag wettability significantly affected the slag
behaviour in a funnel. The status of the remaining slag
in the funnel was differentiated in terms of the block-
age in the upper part and hanging in the lower part of
the funnel corresponding to different slag wettabilities.

� A critical funnel neck size, through which no slag
flowed was experimentally established and confirmed
by CFD modelling. The influence of slag wettability
on the occurrence of blockage was also determined
via numerical modelling.

� The flow behaviour of slag through the gap between
the spherical particles in relation to the slag wetta-
bility demonstrates that for a certain packing condi-
tion, an optimum contact angle may exist that
minimizes static holdup in a packed bed.

These findings highlight that this numerical approach
is very helpful to understand the effect of slag properties
on liquid flow, to provide guidance to evaluate empirical
liquid holdup correlations generated at macroscopic
scale, and to control slag properties in order to maintain
and improve BF permeability and productivity.

In terms of better understanding and quantifying the
complex phase interactions occurring in the lower part
of the BF, further clarification of molten liquids flow
will include:

� investigating the variation of slag wettability under
more realistic conditions considering, for example, the
existence of FeO and fines in the slag; and

� from a macroscopic perspective, quantifying the
critical conditions for slag holdup using feasible and
reliable correlations.

These developments will provide a foundation to
study the interaction between liquid iron and slag under
various BF operating conditions. Future research and
outcomes in these areas will play a significant role in BF
process control and optimization.
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