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1. Introduction

In the majority of metallurgical furnaces, process products 
such as metal and slag are extracted through a tap-hole in 
the molten state. This applies to blast furnaces, submerged 
arc furnaces (SAF) and electric arc furnaces (EAF). Slag is 
generally a by-product or waste, with the metal being the 
product of value. In many of these furnaces the immiscible 
metal and slag phases are tapped through a single tap-hole1) 
close to the bottom of the furnace as shown in Fig. 1. Some 
furnaces are tapped continuously with a semi-permanent 
open tap-hole, whereas others are tapped discontinuously 
with a given frequency by closing and opening the tap-
hole.2) Iron and ferroalloys such as ferromanganese (FeMn), 
silicomanganese (SiMn) and ferrochromium (FeCr) are 
typically tapped discontinuously through a single tap-hole 
together with slag.3) In principle this is a straightforward 
operation, but the quantity of products extracted, the flow-
rate of the tapping stream, and the relative fraction of 
metal and slag can vary appreciably from tap to tap. The 
tapping process is also sometimes delayed or stopped due 
to blockages in the tap-hole channel or other operational 
problems. This variability causes upsets in furnace inventory 
which affect metallurgical performance and later taps, and 
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can directly affect the logistics of downstream operations. 
Excessive unpredictability in the tapping process may also 
create hazardous situations for the furnace operators. There 
is therefore an interest in improving knowledge and under-
standing of the tapping process.

The metal (or alloy) and slag in ferroalloy processes are 
generally produced inside submerged arc electric smelting 
furnaces by carbothermic reduction of metal-bearing ores. 
This process continuously increases the amount or level of 
products inside the furnace over time. The levels are reduced 

Fig. 1. Illustration of tapping from a submerged arc furnace. 
(Online version in color.)
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when the tap-hole is opened and the material is allowed to 
drain out of the vessel. During tapping the liquids have to 
flow through the furnace burden, a packed bed of particles 
consisting of ore and carbonaceous reductants such as coke or 
coal. The particle bed causes a resistance to the tapping flow 
towards the tap-hole, especially close to the outlet where the 
liquids are accelerated to converge into the narrow tap-hole 
channel.4) Being able to understand how the particle bed 
affects the tapping process is important, and concerns under-
standing flow phenomena which occur when multiple immis-
cible liquids drain through a porous medium such as a particle 
bed. This is not only relevant in metallurgical operations but 
also in other industries such as the petroleum (where oil-water 
flow is one of the most commonly encountered problems), 
and the chemical and process industry (where packed bed 
reactors are applied extensively for single or multiple fluid 
reactions, e.g.5,6) Insight on this phenomenon can be extracted 
from both experimental studies and numerical models.

Several experimental studies on liquid drainage through 
a particle bed under laboratory conditions have been con-
ducted. This includes the work by Fukutake and Okabe7) on 
experiments in a cylindrical vessel with glass beads with a 
single viscous fluid to emulate the flow of slag in the indus-
trial scale furnaces, Luomala et al.8) on the flow of water 
through a particle bed, Vango et al.9) on the drainage of a 
water through a particle bed under both settled and floating 
bed conditions, Liang et al.10) on water being drained from the 
bottom of a rectangular tank with both open and closed top 
surface, and Zhang et al.11) on the drainage of water through 
a floating particle bed with rotational and translational oscil-
lations. Most of this research studied drainage effects using 
a single liquid only. To the authors’ knowledge, there are 
relatively few studies that have considered the flow of mul-
tiple fluids through a particle bed. Tanzil et al.12) and Liu et 
al.13) performed experiments with two immiscible fluids in 
a Hele-Shaw physical model, a 2D model with two parallel 
plates placed close to each other with particle bed inside 
it. The interface behavior in a 2D and a 3D environment is 
substantially different, therefore care must be taken while 
analyzing the results. He et al.14) focused on the interfacial 
behavior of two immiscible fluids passing through a particle 
bed in both 2D (Hele-Shaw) and 3D (cylindrical vessel with 
particles inside) arrangements, with a focus on movement 
of the gas-liquid interface. Nouchi et al.15) examined a two-
phase flow using fluoride fluid and liquid paraffin under dif-
ferent particle bed conditions, concentrating on the flow rates 
of each fluid. Loomba et al.16) performed laboratory-scale 
drainage experiments with two fluids through a particle bed, 
focusing on the change in the tapping rates over time due to 
the presence of the particle bed.

Extensive work has been done in the development and 
application of numerical models to the study of furnace 
tapping. Several researchers have implemented computa-
tional fluid dynamics (CFD) models to determine the flow 
profiles of the metal and the slag in the hearth of the furnace 
during tapping. Numerical simulation permits easy modi-
fication of structural parameters such as the design of the 
furnace or the shape of the tap-hole,17) size of the particles 
and particle bed packing,18) and the effect of the pressure 
near to the electrode tips.19) Other researchers have applied 
Bernoulli’s equation describing the flow along a flowline 

for an inviscid flow.15,20,21) This introduces more approxima-
tions and empirical parameters into the model, but reduces 
the simulation time considerably compared to CFD models. 
The Bernoulli equation was extended to include the effect 
of friction, the internal furnace pressure, and the flow 
resistance from the particle bed. In some work the metal 
and the slag are not considered as separate phases, but as 
a mixture instead.22) To better separate between the tapping 
of metal and slag, Olsen and Reynolds23) treated the phases 
separately to permit prediction of separate slag and metal 
tapping rates. A more extensive review on numerical models 
on furnace tapping is provided by Bublik et al.24)

In this study we present both a laboratory-scale experi-
ment and CFD models for drainage of two immiscible liq-
uids through a particle bed. Results from the CFD studies 
are compared to the experimental test data as well as each 
other for consistency between the models.

2. Experimental Set-up

An experimental rig was set up to study the effect of a 
particle bed on the tapping rates of both a single liquid and 
two immiscible liquids. The rig consists of a plexiglass tank 
of dimensions 1 × 0.5 × 0.6 m. A tap-hole with a square cross 
section of dimensions 0.02 × 0.02 m was drilled at a height 
of 0.03 m above the base of the tank, and was connected to 
an outlet channel of 0.11 m in length having the same inter-
nal dimension as the tap-hole. A similar rig was used in an 
earlier study16) with the tap-hole located at a different height. 
The end of the outlet channel was fitted with a detachable 
plug. At the beginning of each experiment, the plug was 
opened, and the liquids were allowed to drain out of the 
tank. The tapped liquids were collected in a bucket placed 
on an OHAUS Defender 5000 weighing scale (OHAUS New 
Jersey, USA). The scale recorded the total weight of tapped 
liquid each second. A high-speed camera (Sony Cybershot 
DSC-RX10 IV, Japan) was positioned in front of the tank to 
capture the moving interface between the two liquids as they 
were tapped. The test rig is shown in Fig. 2.

2.1. Liquids
Metal and slag are immiscible liquids, with the denser 

metal forming a layer below the lighter slag. To emulate 
the flow properties of metal and slag at room temperature 
water and a mineral oil with physical properties shown in 
Table 1 were used. Interfacial tension between all phases 
was set to 0.07 N/m. The choice of liquids was not based on 
scalability of the process, but on the potential of validating 
numerical models which can be used to better understand 
the scaled-up process. In particular, liquids with properties 
resulting in a bend of the interface towards the tap-hole was 
targeted. The mineral oil was chosen such that its density 
is lower than water and is at least 20 times more viscous 
than water. For comparison some values for metal and slag 
from FeMn smelting processes at typical furnace operating 
conditions3) are also shown in Table 1. Figure 3 shows the 
two immiscible fluids at the beginning of the experiment, 
where oil forms the upper layer and water the lower layer. 
Since the oil and water are both colorless liquids, a water-
soluble food coloring was added to the water to distinguish 
the interface between the phases in the video.
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2.2. Particle Bed
The presence of a particle bed in a furnace reduces the 

tapping flowrate, as it induces a pressure drop across the bed 

due to the resistance offered by the particles to the moving 
fluid. Spherical glass particles of 0.01 m diameter were used 
to emulate the burden particle bed in the furnace. A mesh 
was placed in front of the tap-hole interface to prevent the 
particles from moving out of the tap-hole. The mesh was 
coarse enough not to provide any significant resistance to 
the flow of liquids,16) but fine enough to act as a wall for the 
particles. A particle bed can be defined by two of its proper-
ties, the particle diameter, dp, and the particle bed porosity ε. 
The porosity is defined as the ratio of the void volume to the 
complete volume of the confined space without the particles.

Figure 4 shows a 2D schematic diagram depicting the 
porosity of a particle bed. Generally, randomly packed 
mono-sized particle beds have a porosity in the range 
0.35–0.5.25) The porosity of the particle bed in the tapping 
tank experiment was measured by adding a known amount 
of water to the tank, measuring the height, and comparing it 
with volume without the particles. The value was found to 
be approximately 0.35. Close to walls the porosity deviates 
from the bulk value since the walls reduce the freedom of 
particles to pack closely. de Klerk26) derived a correlation 
for the particle bed porosity as function of distance from the 
wall - this effect is seen in Fig. 5.

Table 1. Physical properties of fluids.

Material Density 
(kg/m3)

Viscosity 
(kg/m-s)

Water 1 000 0.001

Mineral Oil   876 0.057

FeMn 6 100 0.005

Slag 3 000 0.1

Fig. 2. (top) Experimental test rig including the plexiglass tank of 
dimension 1 ×  0.5 ×  0.6 m, a high-speed digital camera 
and a weighing scale, (bottom) Close-up of the tap-hole 
and outlet channel. (Online version in color.)

Fig. 4. Schematic diagram of particle bed porosity. (Online ver-
sion in color.)

Fig. 5. Plot of particle bed porosity as function of distance from 
tap-hole for 10 mm particles. (Online version in color.)

Fig. 3. Image of water and oil phases in the tank (without particle 
bed). (Online version in color.)
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2.3. Image Analysis
A limitation of the weighing scale is that it is only able 

to record the total mass of liquid tapped. The mass of indi-
vidual phases cannot be determined from the weight alone. 
Therefore, video captured by the camera was analysed to 
calculate the tapping rates of the individual phases. Screen-
shots were taken from the video at specific time intervals 
and the position of the interfaces was determined using 
the Image Analysis Toolbox of MATLAB® 2019b. These 
interface heights were used to calculate the volume, and 
hence the mass, of each phase inside the tank at any instant, 
and these values were subtracted from the initial masses to 
estimate the tapped mass.

2.4. Methodology
The aim of these experiments was to understand the effect 

of the particle bed on the tapping rates of two immiscible 
fluids under various combinations of conditions. Therefore, 
several experiments were conducted with water and oil in 
the presence and absence of a particle bed, to understand 
its effect. The first experiment was performed without any 
particle bed and only a water phase (Exp 1). In the second 
experiment, oil phase was added together with water to 
study its effect on the tapping rates (Exp 2). The particle 
bed was then added once these experiments were completed. 
The next two experiments were performed with only water 
in the tank, the first (Exp 3) with the same volume of water 
as in Exp 1, and the second with the same height as the 
height of the particle bed (Exp 4). Finally, experiments with 
both water and oil volumes as used in Exp 2 were performed 
(Exp 5). The details of all the experimental conditions are 
summarized in Table 2. It should be noted that while per-
forming multiple repeats with water and oil in the presence 
of the particle bed, oil would contaminate the surface of the 
glass beads, and air bubbles would also get trapped between 
the particles in the bed. These issues were difficult to avoid 
while refilling the tank for successive experiments (each 
experiment was performed with 4 repeats). The average of 
the repeats for each experiment are reported below. There 
were less than 3% deviation between the repeats.

3. Numerical Model

A numerical model based on CFD methods was set up to 
simulate the flow of the two immiscible liquids. CFD solves 
conservation equations for mass and momentum to obtain 
fluid velocities and pressure mathematically. With two 
immiscible liquid phases and a gas phase present, it is also 

necessary to track the location of the interfaces between the 
liquids and between the top liquid and the gas above. This 
was done by applying the Volume of Fluid (VOF) multi-
phase flow method,27) in which a single continuum equation 
is solved for all phases while tracking the position of each 
phase with a volume fraction marker field α. The following 
differential equations are solved:
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Here U is the mean velocity shared by all liquid phases, 
αi is the individual phase volume fraction, ρ and μ are the 
mixture density and viscosity, g is the gravitational accelera-
tion acting on the fluids and Sk is a source term including 
interfacial tension and any other force that affects the flow. 
The mixture properties are given by the local volume frac-
tion of the phases. For example, the mixture density is given 
by the following expression:

 � � ��� i i  ................................ (4)

The volume fraction marker fields are constrained by

 � i� �1  ................................... (5)

where i is the index of the fluid phases only. The volume of 
the particles is not accounted for in these equations. Thus 
the continuity equation, Eq. (3), neglects the presence of the 
particle bed and the true total volume and total mass of the 
liquids is adjusted in post-processing of the results. Since 
a particle bed is present, its resistance to the flow needs to 
be accounted for. This is done by defining the particle bed 
as a porous zone. In a porous zone the particle bed adds 
a resistance to the flow through the source term Sk in Eq. 
(2) which incorporates a correlation for the pressure loss 
through a particle bed. For monodisperse particle beds (or 
particle beds where an effective particle diameter gives a 
good representation of the particles), Ergun’s equation28) 
was applied for the pressure loss
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Here   is the particle bed porosity, dp is the particle 
diameter and ϕ is the particle sphericity. All of these can 

Table 2. Experimental details.

Experiment
Water 
height 

(m)

Oil 
height 

(m)

Particle 
diameter 

(m)

Bed 
height 

(m)
Porosity

Total 
water 
(kg)

Total 
oil 

(kg)

Liquids above 
tap-hole  

(kg)

Tapped after 
100 sec  

(kg)

Exp 1 0.13 – – – – 65.0  0.0 50.0 32.3

Exp 2 0.09 0.04 – – – 45.0 17.5 30.0 25.5

Exp 3 0.22 – 0.01 0.17 0.35 54.8  0.0 49.5 25.5

Exp 4 0.17 – 0.01 0.17 0.35 29.8  0.0 24.5 16.6

Exp 5 0.18 0.04 0.01 0.17 0.35 34.8 17.5 45.3 22.7
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be specified as a function of position by giving a specified 
value for each computational cell. Since the presence of 
the particles are not modelled directly as voids in the fluid 
domain, capillary forces between the particles are neglected. 
In this construct, the velocity U becomes a superficial veloc-
ity. This set of Eqs. (1)–(6) is solved together with pressure 
boundary conditions, material properties according to Table 
1, and initial conditions according to Table 2. Wall adhe-
sion is neglected in these cold experiments, but should be 
considered when addressing high temperature conditions. 
The model was run in two different CFD codes to identify 
any discrepancies due to numerical methods and software 
implementations. The chosen codes were OpenFOAM® and 
Ansys Fluent.

The simulations in Ansys Fluent were run with version 
2020 R1 with a first order implicit transient formulation, the 
pressure implicit with splitting of operators (PISO) scheme 
for pressure-velocity coupling, and the Geo-Reconstruct 
method for interface tracking. The time step was constant 
at 0.001 s which kept the Courant number below 0.5. The 
equations were solved on a computational mesh as seen in 
Fig. 6. The symmetry of the tank was applied to reduce the 
mesh size to approximately one million cells. The resolution 
is finest in and close to the tap-hole with a characteristic 
element size of 2.5 mm.

The simulations in the OpenFOAM® open-source com-
putational mechanics framework were conducted using 
ESI OpenFOAM® version 2206.29) A third-party family of 
solvers developed for multiphase flow problems in porous 
media was used.30) This solver addresses issues related to 
numerical stability and accuracy in regions of high porosity 
gradients by applying a porosity-aware formulation of the 
transport equations with a specialised flux limiter for the 
divergence terms.31) A first-order time implicit formulation 
was used for the transient terms, together with a standard 
iterative segregated solution scheme, PISO-SIMPLE, for 
the velocity-pressure coupling in the momentum equations. 
The multidimensional universal limiter for explicit solution 
(MULES) scheme was used for interface capturing. Adap-
tive time-stepping with a Courant number limit of 0.5 was 
applied in all cases. Computational meshes were shared with 

the Fluent simulations via OpenFOAM®’s integrated mesh 
import and conversion tools.

4. Results

Experiment 1 with no particle bed and no oil (only water) 
served as a reference case for the other experiments to be 
compared against. From the measured tapping weight after 
100 seconds, we see that the tapping rate is reduced if some 
of the water is replaced with oil as in Experiment 2. This is 
consistent with the reduced pressure head due to the lower 
density of oil compared to water. When particles are added, 
we see from Experiments 3 and 4 that drainage and tapping 
is slowed down significantly compared to Experiment 1 
without particles. This holds both for when the same water 
volume is tapped (Experiment 3) and for a more comparable 
water level (Experiment 4).

For Experiments 2, 4 and 5 numerical simulations were 
also performed. In Experiment 2 (see Table 2) both water 
and oil were tapped out of the tank without any particles 
present. The initial height of water was 9 cm, with a 4 cm 
layer of oil on top the water. During the initial stages, only 
water was tapped. As the interface between water and oil 
moved closer to the level of the tap-hole, some oil started 
to become entrained with the water. Towards the end of the 
experiment, only oil was being tapped. In Fig. 7 we see the 
results from a numerical simulation of the experiment at 
the point at which water and oil have both entered into the 
tap-hole, but the oil has not yet started flowing out of the 
tap-hole. Note how the interface between water and oil is 
deformed near to the tap-hole – this allows oil to be tapped 
well before the average level of oil in the tank reaches the 
height of the tap-hole. As mentioned above, being able to 
produce such a bend of the interface was a target when 
choosing the liquids.

Quantitative results from the experimental tests and the 
numerical simulations are seen in Figs. 8 and 9. In Fig. 
8 the total tapped mass (i.e. the combined mass of water 
and oil) is plotted as function of time. By comparing the 
experimental results from the weighing procedure and the 
image analysis, we can conclude that the two measurement 
techniques are consistent with each other. The simulation 

Fig. 6. Computational Mesh.

Fig. 7. Ansys Fluent numerical simulation of Experiment 2, with 
no particle bed present - water (yellow) and oil (red) in 
tank after 50 s. (Online version in color.)
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results are consistent with the experimental results until tap-
ping of oil is initiated. Thereafter the numerical simulations 
appear to slightly overpredict the oil tapping rate, although 
the qualitative shape of the curves and time of onset of oil 
tapping are similar. Over time, this accumulates to a signifi-
cant deviation between experimental and numerical predic-
tions. This may be due to poor prediction of the pressure 
loss in the tap-hole entry region, which might be linked to 
turbulence, surface roughness or surface wetting.

In Experiment 4 the tank was filled with glass beads to 
17 cm above the bottom of the tank, and with water up to 
17 cm. No oil was present. Water was tapped through the 
tap-hole and the weight of the tapped water was recorded. 
No image analysis on the height level was performed since 
only one liquid phase was present. The tapped water mass 
as function of time for experiments and simulations is plot-
ted in Fig. 10. Here the bend of the interface is even more 
pronounced. The results show that numerical simulations, 
both with OpenFOAM® and Ansys Fluent, are consistent 

with the experimental recording provided that wall packing 
effects are accounted for. The wall packing was accounted 
for by making the packing porosity a function of the dis-
tance from the wall. The resolution of the computational 
grid was sufficient to directly utilize the expression of Eq. 
(6). Without wall packing, the resistance from the particle 
bed is overpredicted and the tapping rate is significantly 
underpredicted. This agrees with recent work which shows 
that tapping rates are sensitive to the particle packing close 
to the entrance to the tap-hole.4) Here the wall packing effect 
is particularly important, since it can be assumed that wall 
packing also applies in front of the tap-hole entrance due to 
the mesh preventing the particles from escaping. Figure 11 
shows the deviation of the numerical simulations from the 
experimental results. There are some differences between 
OpenFOAM® and Ansys Fluent, particularly in the initial 
stages of the simulation. This is probably due to differences 
in numerical schemes and parameters. However, the total 
deviation is very small for both software packages. Note 
also that the tapping flowrate with a particle bed (Experi-

Fig. 8. Total tapped mass in tank without particles as function of 
time from Experiment 2 and numerical simulations. 
(Online version in color.)

Fig. 9. Tapped mass of water and oil in tank without particles as 
function of time from image analysis of Experiment 2, and 
simulations. (Online version in color.)

Fig. 10. Tapped mass in tank with water and particles as function 
of time from Experiment 4 and numerical simulations. 
(Online version in color.)

Fig. 11. Deviation of numerical results from experimental results. 
(Online version in color.)
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ment 4, Fig. 10) is much lower than without a particle bed 
(Experiment 2, Fig. 8). This indicates that the drag from the 
particle bed has a dominant effect on the total pressure loss 
through the system, and when a particle bed is present the 
exact prediction of pressure loss through the tap-hole chan-
nel of less importance than understanding the disposition of 
the particle bed just inside it.

In Experiment 5 a particle bed was again present up to 
17 cm above the bottom of the tank, water up to 18 cm, 
and oil another 4 cm above the water. While the image 
analysis performed well in Experiment 2 without particles, 
it was not possible to properly obtain the height level of the 
interface between water and oil in the same way in Experi-
ment 5 due to the reflective behavior of the particles. Still, 
it was possible to observe from the video photography the 
point in time when oil started to flow into the tap-hole - this 
was between 50–55 secs after tapping started. The same 
timing was predicted by both of the numerical simulations. 
Note that flow of oil out of the tap-hole is a bit delayed 
from when it enters the tap-hole since the oil front moves 
slowly due to a lower driving pressure than for the water. 
Figure 12 illustrates how water and oil is distributed in 

the tank after 50 s, as oil is about to enter the tap-hole. We 
see that the interface between oil and water is even more 
severely deformed towards the tap-hole than was observed 
for the case without a particle bed (compare Figs. 7 and 12). 
Quantitatively, only the recording of total tapped mass was 
reported as a time series in the physical experiment due to 
the uncertainties involved in the image analysis for this case. 
This is shown in Fig. 13 together with numerical results. 
The numerical simulations are consistent with the experi-
mental recordings of total tapped weight of water and oil. 
Since the image analysis of height levels was not possible 
here, only a comparison between numerical results from 
the two software packages was possible for the individual 
tapping rates of the water and oil phases. This is shown in 
Fig. 14. The results from OpenFOAM and Ansys Fluent 
are consistent with each other, and show that tapping of oil 
starts 70 to 80 s after the tap-hole was opened.

5. Conclusions

A combined experimental and numerical study on tapping 
of two immiscible liquids from a vessel containing a particle 
bed was conducted. Oil and water were chosen as model 
liquids to be tapped out of a tank filled with spherical glass 
bead particles. Both OpenFOAM® and Ansys Fluent soft-
ware were applied for CFD simulations. When comparing 
tapping rates from cases with and without a particle bed, it 
was seen that the particle bed exerts a significant resistance 
to the liquid flow and reduces the tapping rate appreciably. 
This was confirmed both by the physical experiments and 
the numerical simulations. When comparing the results on 
tapping from the tank without a particle bed, the numeri-
cal predictions deviated from the experimental results to 
a small degree. It was postulated that this is due to the 
models poorly capturing the pressure loss in the severely 
distorted flow at the tap-hole entrance. When a particle bed 
is present, the numerical simulations are consistent with the 
experimental results. This can be attributed to the fact that in 
the presence of a particle bed, the total pressure loss is domi-
nated by the pressure loss through the particle bed, while the 

Fig. 12. Ansys Fluent simulation of Experiment 5, with a 17 cm 
particle bed - water (yellow) and oil (red) in tank after 50 
secs. (Online version in color.)

Fig. 13. Total tapped mass in tank with particles, water and oil as 
function of time from Experiment 5 and numerical simu-
lations. (Online version in color.)

Fig. 14. Tapped mass of water and oil in tank with particles as 
function of time based on simulations. (Online version in 
color.)
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tap-hole channel pressure loss is insignificant. It was also 
shown that the tapping rate was sensitive to the particle bed 
packing near to the tap-hole entrance. The proximity to a 
wall reduces the freedom to pack particles, and wall packing 
has to be accounted for in such processes. In conclusion, if 
wall packing (or other specifics of the particle packing close 
to the entrance of the tap-hole) is accounted for, and the tap-
hole channel pressure loss is insignificant, numerical CFD 
models of the problem generally perform well.

Of course, the prediction of tapping rates from real fer-
roalloy smelting furnaces is a considerably more challeng-
ing problem. It is difficult to properly assess the packing 
of coke and ore close the entrance of the tap-hole during 
a given tap, and the numerical predictions are sensitive to 
this detail. Future efforts should therefore focus not only on 
model development but also on characterizing the particle 
bed close to the tap-hole. Numerical models can also be 
calibrated against observations of data such as tap masses 
and tapping rates, which could then be applied in inverse 
modelling to obtain information about the particle packing. 
In retrospect some more work on the lighting conditions 
should have been carried out to improve observations of 
individual tapping of water and oil in a particle bed.
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Nomenclature
 g: Acceleration of gravity (m/s2)
 p: Pressure (Pa)
 S: Momentum source term (kg/m2s2)
 t: Time (s)
 U: Superficial velocity (m/s)
Greek
 α : Volume fraction (− )
  : Particle bed porosity (− )
 ρ : Density (kg/m3)
Subscripts
 i: Fluid phase index
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