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Abstract
An image analysis-based method is developed to automatically interpret videos of a transparent
Hele-Shaw model in studies of blast furnace hearth drainage in pilot scale. By the approach,
information from experiments can be extracted for quantitative assessment of the draining
phenomena. The algorithm consists of modules for 1) image pre-processing, 2) interface
tracking, and 3) bending-point detection. The pre-processing step makes preparatory estimates
for the preceding module that extracts the liquid-gas and liquid-liquid interfaces. Finally,
bending points of the interfaces are detected and parameters quantifying the interface bending
are calculated. The algorithm is illustrated by applying it to a video of a draining experiment,
demonstrating how information can be extracted. The method can be used to compile
information from a large set of experiments to gain a deeper understanding of the complex twophase flow in the blast furnace hearth and to quantify the findings for a validation of
computational models.
Keywords: blast furnace, hearth drainage, image analysis, interface detection, Hele-Shaw
model, liquid levels.
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1. Introduction
The ironmaking blast furnace (BF) is the main processing unit for reducing and smelting iron
ore to liquid iron (“hot metal”) for further processing to steel. The hot metal and slag that are
produced collect in the lower region of the furnace, the hearth, in the voids of the coke bed,
from where they are intermittently tapped out through tapholes in the sidewall. As an efficient
operation of the BF requires longer campaigns, and the hearth cannot be revamped without a
full stoppage of the production, the state of the hearth and the draining efficiency have become
crucial issues for the steelmaking companies. The efficient and undisturbed drainage is a prerequisite of a stable and efficient BF operation, but the complex nature of the two-phase flow
of the liquids through the coke bed (“dead man”) in the hearth is a major challenge.
The tapping starts by the drilling of a taphole through the sidewall [1]. Even though the outflow
may initially consist of only one of the molten phases, a major part of the tap is typically
characterized by a simultaneous outflow of both liquids, until the slag-gas interface (henceforth
called the “l-g interface”) arrive the level of the taphole, and gas eventually bursts out. After
this, the taphole is plugged by taphole clay. In small furnaces, this stage is followed by an idle
operation where the taphole clay is allowed to cure before the taphole is reopened. In large
furnaces, the plugging of one taphole is usually followed by an almost immediate opening of
another to provide a steady liquid outflow. When the hot metal and molten slag are draining
simultaneously, both the l-g interface and the slag-iron interface (referred to as “l-l interface”)
bend toward taphole, which is the result of the effect of significant pressure gradient close to
the taphole. This makes it possible to drain iron to levels well below the taphole.
Hearth drainage has been investigated by using simplified experimental and numerical models
in order to gain understanding of the draining process. Tanzil et al. were the first investigators
to clarify the fact that iron could be drained below the taphole level [2-4], revising the findings
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from the draining experiments undertaken and quantified by Fukutake and Okabe [5].
Simplified models of the drainage based on the fundamental findings of Tanzil and co-workers
have been shown to be able to capture how different variables, such as hot metal production
rate, duration of the inter-cast period, dead-man porosity and possible floating, affect the overall
drainage [6,7], also considering the conditions in the taphole [8]. Iida et al. studied the effect of
impermeable dead-man regions in large blast furnaces on the outflows and liquid levels [9,10],
and such multi-pool models have also been developed and applied to consider dead-man
floating [11] and the outflow order of iron and slag [12]. More detailed investigations have also
been undertaken using CFD methods. Nishioka et al. established two and three-dimensional
CFD models to study the effect of in-furnace conditions (e.g., the void fraction of dead man
and impermeable zones) on the drainage and the evolution of the liquid-gas and liquid-liquid
interfaces in the hearth [13,14]. More recently, Vångö et al. developed a CFD-DEM model of
the complex multiphase flow during hearth drainage [15]. By employing this model to fullscale BF hearth drainage, the influence of coke free region, impermeable zone and dynamic
behavior of dead man on the draining behavior were studied.
Numerical simulation has apparent advantages, including low economic cost, easy visualization
of information, etc. Nevertheless, experimental studies are still irreplaceable especially for
guidance and validation of numerical models and for studying specific non-ideal phenomena.
Hence, a number of draining experiments have also been reported. He et al. conducted smallscale physical experiments to investigate the influences of some in-furnace conditions, e.g.,
coke free zone, hearth permeability, etc. on the dimensionless tapping time by employing a
discontinuous packed-bed model [16]. Nouchi et al. conducted a series of physical experiments
to study the effects of coke free space, productivity and low-permeability zone on the tapping
time and maximum liquid level by using a continuous three-dimensional physical model [17,18].
However, the traditional methods to deal with the experimental data are limited to observing
4

variables such as tapping time and average outflow flow rates but detailed information about,
e.g., the evolution of the interfaces, cannot be easily obtained. For a better comprehension of
the evolution of the liquid levels and for extracting more detailed information from the drainage
experiments, a more efficient approach is necessary to deal with the observations. Here, an
algorithm based on the digital image analysis technique is presented and applied to analyzing
the results of hearth draining experiments. The method avoids the subjectivity and errors caused
by a manual analysis and improves the efficiency of the treatment, making it possible to extract
information from a large bulk of experiments. As a non-intrusive technique, it can achieve flow
visualization without disturbing the local flow field, which makes it more preferred over
intrusive approaches [19]. Such techniques have therefore been applied in many different areas
in chemical engineering, e.g., for studying bubble behavior [20-23].
In the present work, a method based on image analysis is developed and employed to make a
quantitative analysis of the process in small-scale draining experiments in a Hele-Shaw model,
capturing the evolution of the interface levels, angles and bend ratio. The paper is designed as
follows: The experimental set-up and the corresponding operating procedures are described in
Section 2, followed by a section that presents the image analysis algorithm. Section 4
demonstrates the algorithm by applying it to images from a draining experiment, while the fifth
and last section concludes the paper and outline line of future work.

2. Experimental Set-up and Procedures
2.1 Apparatus Arrangement
The experimental set-up, as shown in Fig. 1, includes two main subsystems, i.e., draining
experiment system and image recording system. The former consists of a Hele-Shaw (H-S)
model, a liquid receiver, a vacuum pump, an oil and water reservoir, and a lifting table. The HS model was constructed of two thin parallel perspex plates separated by a set of mini spacers
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for maintaining a uniform distance between the plates. The model, which is the core part of the
draining system, has the inner dimensions 585 mm × 2 mm × 580 mm (width × thickness ×
height). The small distance between the plates (here 2 mm) is essential for making it an analogue
that can describe the drainage in the BF hearth. The two sides and bottom of the model are
sealed (except three ports), while the top of the model is open. This, combined with vacuum
pressure on the suction side of the outlet, eliminated the need to apply higher pressure on the
plastic H-S model to drive out the liquids, which made its structural design simpler: for liquids,
the absolute pressure has little effect so the only important factor is the pressure difference.
More detailed information about the H-S model used for the hearth draining experiment are
reported elsewhere [24]. An inherent advantage of the H-S model is that its quasi-twodimensional rectangular arrangement with transparent walls makes it easy to observe the liquids
in the system with low optical distortion. This means that image analysis of the experiments
can be undertaken relatively easily. The left bottom of the model was connected to a water
container and the water charging speed can be controlled by adjusting the lifting table level and
valve opening. The model outlet was connected with a hose to a big liquid receiver with a vent
and drain which can keep a fixed under-pressure during the draining period by using the vacuum
pump to partially evacuate the receiver before the draining. Oil is charged into the H-S model
by a moveable distributor placed on the top of the model, using a row of thin pipes as indicated
in Figure 1. After the oil charging process, the distributor is removed not to disturb the recorded
images.
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Figure 1. Schematic illustration of the experimental set-up

The other subsystem is the image recording system, which is also a critical component because
high-quality images are a prerequisite for employing image analysis to extract information from
the experiments. The image recording system consists of a high-speed Photron camera equipped
with a 52 mm Nikon lens, a laptop, a diffuser glass, and a fluorescent-tube light source. The
high-speed camera was carefully mounted in front of the H-S model to keep the lens vertical,
making sure that the whole liquid area fell within the frame. The laptop connected to the highspeed camera was used for real-time monitoring of the draining process and for storing images
taken by the camera synchronously. A set of fluorescence tubes of parallel arrangement and a
diffuser glass placed between the H-S model and light source provided a uniform back-lighting
illumination of the model. For the system, the magnification factor (or resolution) between
image and real model is around 1.7 pixel/mm and during the shooting, a frame rate of 125
7

images per second was applied with a constant exposure time of 1/3000 s. The size of the
recorded images was 768 × 1024 pixels (row × column), with 256 grey levels.

2.2 Batch Operating Procedure
At the start of a draining experiment, water and oil were charged into the H-S model. For oil
charging, a variable speed peristaltic pump and oil distributor were used to form a uniform oil
layer rapidly. After the charging, the vacuum pump was operated to get a desired under-pressure
in the liquid receiver, the illumination system was turned on, the high-speed camera was
switched on and the camera position was also adjusted to achieve an ideal shooting view after
the lighting had stabilized. After finishing these preparatory steps, the draining process was
started and the process was recorded. After the experiment, the recorded images were treated
by image analysis based on the Matlab platform to extract the information about the drainage.
In the illustration experiments of this paper, the pressure in the liquid receiver was 0.7 bar, the
initial liquid-liquid (l-l) interface level was 10 mm above the outlet, the initial liquid-gas (l-g)
interface level was 110 mm above the outlet (i.e., the oil layer thickness was 100 mm), and the
viscosities of water and oil were 0.001 Pa·s and 0.254 Pa·s.

3. Algorithm
3.1 Challenges of Image-Processing Task
Image-processing tasks may be challenging and in the present work certain specific difficulties
were faced. A key component of the image processing at hand is interface extraction which is
based on the lower brightness of the interface between the phases compared to the background.
A sample of the original image from a draining experiment is presented in Fig. 2. With reference
to this image, some challenges that had to be addressed included: (1) non-uniformities in both
space and time of the image background, (2) existence of the non-transparent bolt washers, (3)
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relatively low contrast ratio between l-l interface and background, and (4) influence of local
dust and small bubbles.

Figure 2. Sample of original image from an experiment

The slight spatial non-uniformity in the figure as an uneven brightness distribution in the image
(e.g., a relatively brighter central region), which is the result of a more intensive central
illumination. The temporal non-uniformity in the image is generated by a slight time fluctuation
of the illumination from the fluorescence tube light source. These distortions can lead to an
uneven brightness of the l-g or l-l interfaces, which may affect the interface extraction
procedure. Bolt washers were used to avoid leakage of water and oil from the model, but they
disturb the interface extraction during the image processing as they have lower brightness than
the interface. Furthermore, as the drainage progresses, local parts of the interface may be
covered by the nontransparent washers, making the image processing more complex. In the
original image, the l-g interface is very clear against the ambient bright background, but the l-l
interface is less distinct, so it is more difficult to detect the latter one. A final problem is caused
by the occurrence of dust and small bubbles, which may cause local noise in the image
processing.
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In summary, a robust algorithm is needed to overcome the above-mentioned problems to
achieve accurate results of the image analysis.

3.2 Automated Image Processing
3.2.1 Summary of Algorithm
The proposed image analysis algorithm is based on an accurate extraction of both interfaces.
After detecting the two interface profiles, drainage parameters such as the interface levels and
liquid volumes can be calculated. From the extracted interfaces, the bending points can be
determined for the calculation of auxiliary parameters such interface angles and bend ratios.
Figure 3 outlines the image analysis algorithm, with its three major modules: image preprocessing, interface extracting and bending-point detection.

Figure 3. Basic flowchart of the image analysis algorithm
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The main assignment of the image pre-processing module is to apply image pre-processing to
decrease the load and increase the efficiency of the primary image analysis procedure. The preprocessing includes a) removing the frame of the H-S model, b) sharpening the image, and c)
removing the bolt washers from the image. The detailed steps of the image pre-processing are
presented in subsection 3.2.2. After pre-processing, the pre-treated image is used as input to the
interface-extracting module (cf. subsection 3.2.3). This core module detects the interface profile
automatically with high accuracy, which makes it possible to determine the essential draining
parameters. The final module for bending-point detection captures the evolution of interface
angle and bend ratio, described in subsection 3.2.4. At the end of the algorithm, the extracted
interfaces, bending points, and experimental image are displayed.
3.2.2 Image Pre-processing Module
An important feature is the existence of a clear interface that contrasts with the surrounding
background to separate the phases. Its detection, which is a critical precondition for the image
analysis, is based on the brightness difference between the interface and the background. The
main task of the procedure described in this subsection is to remove interferences and facilitate
the recognition of the two interfaces.
The first step of the module is to crop the original image, leaving only the useful region of the
original image for the interface extracting and liquid volume calculation. An example of an
image before (I0) and after (I1) cropping is provided in Fig. 4, where also the image numbering
is introduced. The left, right, and bottom boundaries of I1 are the corresponding inner
boundaries of the H-S model. The top boundary of I1 only needs to fulfill the requirement that
it is above the initial l-g interface. To enhance the interfaces, and particularly the l-l interface,
image sharpening is a useful approach. Next, local interferences caused by, e.g., the bolt
washers are considered to remove their detrimental effect on the image processing.
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Figure 4. Graphical illustration of the main steps of the image processing

To show the effect of sharpening and removal of the washers from the image, the distributions
of the relative grey scale intensity of I1 and I3 are presented in Fig. 5. The relative intensity of
a grey-scale pixel is given by
𝑅𝐼 =

255 − 𝐼pixel
255

(1)

where 𝐼pixel ∈ [0, 255] is the (integer) value of a pixel. Thus, a higher relative intensity is
obtained for a pixel with lower brightness. In the upper panel of Fig. 5, there are eight discrete
peak groups corresponding to the locations of the bolt washers in I1, which have the highest
relative intensity. In addition to these, there are two continuous peak zones of two height levels
which are distributed practically on two rows. The higher and lower peak zones correspond to
the positions of the l-g and l-l interfaces. The lower panel of the figure shows how the levels of
the two continuous peak zones have increased clearly after applying removing the effect of the
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washers and sharpening the image. This makes it feasible to extract the locations of the l-g and
l-l interfaces based on the distribution of the relative intensity of the pre-processed image.

Figure 5. Upper panel: Distribution of relative grey-scale intensity of image I1 (cf. Fig. 4). Lower panel:
Distribution of relative grey-scale intensity of I3.

3.2.3 Interface-Extracting Module
The first step of the interface-extracting module is to preliminarily search for the interface in
the limited region around the detected interface. A search is undertaken for the pixel with the
lowest pixel value in every column in the local region preliminarily detected to include the
interface. This local search approach reduces the influence of non-uniformities caused by
differences in illumination, dust on and small bubbles between the perspex plates. For the first
recorded image of an experiment, the distance between the upper and lower boundaries for the
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local search is selected broader based on default settings. Since both interfaces are moving
down as the drainage goes on, the boundaries of the interface search can be set more accurately
on the basis of the detected interface locations for the previous image. For these images, the
upper boundary for the search was set at the interface while the lower boundary was set four
pixels below the interface of the previous time step. The results of the interface-detection step
are shown by red and blue lines in I4 of Fig. 4.
After the preliminary search has been undertaken, there may still be some local noise in the
extracted interface, so it is usually necessary to smoothen it. Here, we apply a median filter
which is a very efficient tool for the purpose. Figure 6 provides an illustration of the action of
median filters of different orders in extracting the l-l interface, as its RI is lower so it is more
difficult to extract than the l-g interface. For the purpose of illustration, local noise is magnified
in the inserts to illustrate the filtering effect. The left column of figures shows that such noise
can be practically eliminated by selecting a median filter of sufficient order. However, when
the interface is shaded by the washers, there is more noise around the washers: the right-column
figures illustrate that the filtering effect becomes worse with the increase in the order of the
filter. Multi-time filtering was found to yield better results and was therefore applied. As
demonstrated in the bottom panels of the figure, relative smooth interfaces can be extracted
after using a tenth-order median filter twice.
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Figure 6. Effect of median filter of different orders, for interfaces not shaded (left panels) or shaded
(right panels) by washers. a: Image before filtering, b: Image after third-order filter, c: Image after sixthorder filter, d: Image after tenth-order filter, e: Image after tenth-order filter applied twice.

The filter can remove local noise but for the parts of the interface that are shaded by the washers,
further processing is necessary. Since the inside spacers are quite small, it is reasonable to
15

assume that the interface is horizontal where the interface is shaded by the bolt washers.
Therefore, linear interpolation was applied to reconstruct the local parts of the extracted
interface covered by the washer based on data points located on the two sides of the washer.
The results of such interface reconstructing are illustrated in image I6 of Fig. 7. To show the
interface-extracting algorithm more clearly, a video was uploaded as the reference [25]. After
these measures, further calculation of drainage processing parameters can be undertaken.

Figure 7. Principles of image processing in the case of shaded interface

As the interfaces have been extracted, the oil and water volumes can be calculated. The cropped
image includes 992 columns, so the water and oil regions can be divided into 992 bars with a
width of one pixel. After the areas of the two liquids have been calculated by integration, the
volume of water, Vwater, and oil, Voil, are given by
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992

1 2
𝑉water = 𝑆water 𝑇 = (∑ ℎl−l,𝑖 ( ) ) 𝑇
𝑓

(2)

𝑖=1

992

𝑉total = 𝑆total 𝑇 = (∑ ℎl−g,𝑖
𝑖=1

1 2
( ) )𝑇
𝑓

𝑉oil = 𝑉total − 𝑉water

(3)
(4)

where Swater is the water area, T is the thickness of the model, hl-l,i is the vertical level of the ith
point on the extracted l-l interface from the bottom of the water region in the image, f is the
magnification factor between image and real model (here, f = 1.6957), Vtotal is the total liquid
volume, Stotal is the total area of water and oil, and hl-g,i is the level of the ith point on the extracted
l-g interface from the bottom of the water region in the image.
3.2.4 Bending-Point Detection Module
Based on the extracted interface, it is possible to detect the points where the horizontal interface
profile becomes curved, here named bending points. These may be used to provide more
information about the evolution of the interfaces and their bending during the drainage.
A complication is that near the end of the drainage, the local interface close to the bolt washers
may stick to the inside spacers (particularly if high-viscosity oil is used), which can cause a
local uneven interface and increase the difficulty to detect the bending points. To decrease such
problems and to increase the accuracy of the bending-point detection, the local interface near
the washers was reconstructed to obtain a relatively flat interface. This interface reconstruction
is only applied as the bending points are determined, so it will not influence the accuracy of the
calculation of the interface levels and liquid volumes. In the bending-point detection algorithm,
a bar of fixed length (L) is “moved” pixel by pixel from the point farthest from the outlet to the
(993 – L)th point on the interface, and the absolute value of the average level deviation between
the first point and all the other points on the bar is calculated by
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|∑𝐿𝑖=2(ℎ1 − ℎ𝑖 )|
∆𝑑 =
𝐿−1

(5)

where h1 is the vertical level of the first point and hi is the level of the ith point on the bar.
The search is stopped if the condition
∆𝑑 > 𝐹

(6)

is satisfied, where F is a threshold value triggering that a sufficient change of the slope has been
recorded. When the condition is satisfied, the first point of the bar is taken to be the bending
point. In this study, we used a threshold of F = 0.36 and a bar length for the l-g interface of L =
40, while it for the l-l interface was L = 30. These bar lengths were set to provide sufficient
robustness, while the threshold was suitably set by inspection of the arising results for a set of
videos of draining experiments. Figure 8 illustrates the effect of the threshold on the detection
of the bending points, showing that the intermediate value (F = 0.36) yields bending points in
agreement with what a visual inspection would indicate. Another condition to be satisfied by
the logical test is that at the start of the drainage, no bending point should be found after
searching through the interfaces since they are practically horizontal. If this is the case, two
circles are plotted near the top and bottom location of the left side of the image to indicate a
lack of bending points, as presented in the I6 image of Fig. 4. As the drainage progresses, the
interface bending increases and at some stage bending points will be detected. Such bending
points are plotted on the two extracted interfaces, as illustrated by the circles in image I7 of Fig.
7.
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Figure 8. Bending-point detection results for F = 0.26 (squares), F = 0.36 (circles) and F = 0.46
(diamonds). Lower panel shows a more detailed view of the region limited by the dashed lines in the
upper panel.

If bending points are found, the interface angles and bend ratios can be determined to provide
more detailed information about the evolution of the interfaces. With reference to the upper
panel of Fig. 9, which depicts the ideal situation, the l-g interface will tilt down towards the
outlet, showing the lowest level at the wall. However, in the experimental model, the interface
profile was often found to show an appearance as that depicted in the lower panel of the figure:
the upper liquid surface exhibits a minimum at some distance from the wall, and bends up
locally to the wall after this. This effect is the result of the surface tension and high viscosity of
the oil used in the two-dimensional experimental setup, which could possibly be addressed in
the future either by adding surfactants or by using a different material for the transparent plates.
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Figure 9. Schematic of interfaces during drainage and quantities used to determine the interface angle
and bend ratio. Upper panel: ideal case. Lower panel: real case.

The l-g and l-l interface angles, αup and αdown, and corresponding bend ratios, bup and bdown, are
given by
∆ℎup
𝛼up = arcsin (
)
𝑑up
∆ℎdown
𝛼down = arcsin (
)
𝑑down
𝑏up =

𝑏down =

𝑙up,1
𝑙up,1 + 𝑙up,2

𝑙down,1
𝑙down,1 + 𝑙down,2
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(7)

(8)
(9)

(10)

In the equations, and dup is the distance between the bending point and the lowest point on the
l-g interface, while Δhup is the corresponding vertical distance. The terms ddown and Δhdown are
defined likewise for the l-l interface. As for lup,1 and ldown,1, they are the horizontal distances of
the bending parts of the l-g and l-l interfaces, while lup,2 and ldown,2 are the lengths of the
horizontal parts on the l-g and l-l interfaces.

4. Validation and Application
4.1 Validation of Algorithm
To illustrate the method, an example is presented where three experimental images, one from
the start of the draining experiments, one roughly 1/3 of the total time into the experiment, and
one at the end of the experiment are presented. Figure 10 depicts photos in the left column, the
corresponding detected interfaces in the middle column, and a combination of both in the right
column for the three distinct points in time. The figure demonstrates that the method has
captured the interface profiles quite accurately, so it is feasible to use this information for a
calculation of the liquid volume and the bending of the interfaces.
The interfaces and their bending points are drawn together in Fig. 11 at five points in time. For
the purpose of illustration, the image background was removed and the interfaces were depicted
by solid lines for the relatively horizontal part (i.e., left of the detected bending point) and by
dashed lines for the bending part (i.e., right of the detected bending point). In this example, the
extracted interface profiles are relatively smooth even where the local parts of them stick to the
washers (cf. bottom panel row of Fig. 10) because of the local interface reconstruction
conducted in the bending-point detection step. The circles and asterisks in the figure represent
the bending points of both interfaces and the lowest points on the l-g interfaces, respectively,
which are used for the calculation of the interface bending parameters. The lower panel of the
figure shows a local magnification of the interface near the outlet.
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Figure 10. Results of the interface-extracting algorithm. Left: experimental images. Middle: Extracted
interfaces. Right: Experimental images with superimposed extracted interfaces.

Figure 11. Interfaces (blue and red lines) and their bending points (circles). Asterisks represent lowest
points of the l-g interfaces. Lower panel shows a more detailed view of the region limited by the dashed
rectangle in the upper panel.
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4.2 Application to Analysis of Drainage
The method outlined in the previous sections was applied to extract information from
experiments in a Hele-Shaw model with the goal of gaining a better understanding of the
complex draining phenomena of the hearth of the ironmaking blast furnace. The results of an
experiment are next presented, illustrating how the algorithm can be used to quantify the results
of draining experiments in a laboratory scale.
4.2.1 Evolution of Interfaces and Liquid Volumes
The evolution of the two interface profiles during the drainage is depicted in Figure 12, which
illustrates how the interfaces are descending and how their bending degree is increasing
gradually. In this example, local parts of the l-g interface near the washers stick to the spacers
when the end of the drainage is approached due to the relatively high viscosity of the upper
liquid (oil). To quantify the evolution, the average levels of the whole interface, its horizontal
part, and its bending part are calculated. The results, illustrated in Fig. 13, show that the bending
part of the l-g interface descends more rapidly than the horizontal part, which is natural and
partly due to a growing slope and partly to the gradual shifting of the bending point to the left.
For the l-l interface, in turn, the right side of the bending part is always located at the outlet
after oil has started flowing out, so the descending speed of the horizontal part is higher. For
both interfaces, the length ratio of the bending part and the full interface is relatively low during
the whole drainage, but as the draining progresses the ratio grows, so its influence on the overall interface level also increases.
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Figure 12. Evolution of interface profiles in the drainage example

Figure 13. Average levels of the full interfaces (asterisks), their bending parts (triangles) and their
horizontal parts (circles) during a draining experiment. Upper panel: l-g interface. Lower panel: l-l
interface.

Figure 14, which depicts how the liquid volumes in the system change with time, reveals that
primarily water is drained in the experiment and the oil volume shows a considerably smaller
24

decrease with time, even though the oil forms the upper layer. The primary reason for this is
the difference in viscosity between the two phases.

Figure 14. Evolution of oil and water volumes during drainage

Other interesting matters can also be extracted from the experimental results, e.g., the outflow
rates and the ratio between these. The upper panel of Fig. 15 depicts how the outflow rates
evolve during the draining process, while the lower panel shows the corresponding volume
share of oil, which is seen to increase. As the outflows are obtained from differences in the
volume, integrated from the detected interfaces, the signals are somewhat noisy. To better
observe the trend, a (median) filter was applied to smoothen the extracted data, yielding the
results depicted in Fig. 16. This figure shows more clearly how the water outflow rate increases
at the start of tapping to exhibit a maximum, after which it decreases until the termination of
the drainage. By contrast, the oil outflow rate increases gradually throughout the draining
process. Similar patterns have been observed in blast furnaces [12], but in these, the outflow
rates of both liquids increase as the tapping progresses due to taphole erosion.
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Figure 15. Evolution of the volume outflow rates of the water and oil (top) and the ratio of oil and water
in the outflow (bottom).

Figure 16. Evolution of the volume outflow rates of water and oil (top) and the ratio of oil and water in
the outflow after applying a tenth-order median filter to the original signals.
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4.2.2 Evolution of Interface Angle and Bend Ratio
To quantify the bending of the interfaces, the interface angle and bend ratio are finally studied
for the draining example. Figure 17 illustrates how the two variables evolve during the
experiment, showing that both angles (upper panel) increase. However, the rates of increase are
different: the l-g interface shows a slow initial but a rapid final increase, while the opposite
holds true for the l-l interface. As the oil descends, its surface starts bending considerably only
when the drainage process is approaching its end. The l-l interface, in turn, must bend
immediately when the overall interface passes the taphole on its decent. For the l-l interface,
the rate of increase of the angle levels out as the interface descends more deeply below the
outlet as it is harder to extract water from the system due to gravitational forces. The more local
bending of the l-l interface (cf. Fig. 11) makes the angle larger than that of the l-g interface for
most of the draining period.

Figure 17. Evolution of interface angle and bend ratio during the draining example.
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5. Conclusions
A method has been developed to extract information and to calculate the key parameters (e.g.,
interface levels, liquid volumes, and interface angles) based on images recorded from two-phase
draining experiments in a Hele-Shaw slot model. Compared with traditional analysis of draining
experiments, the proposed algorithm can extract more detailed information thus facilitating a
quantitative analysis of the drainage. The method also allows for a compilation of a large
number of experimental results in an objective and standardized way. An interface angle and a
bend ratio were introduced to quantify the behavior of the liquid-gas and liquid-liquid interfaces
close to the outlet. The algorithm developed consists of modules for image pre-processing,
interface extracting and bending-point detection. The image pre-processing module prepares
the image and removes interferences to reduce the load for the interface-extracting module,
which applies filtering and local interface reconstruction to yield more accurate interface
profiles. Based on the extracted interfaces, their levels and the liquid volumes can be estimated.
Finally, bending points of the interfaces are detected and the parameters quantifying the
interface bending are estimated. Details of the algorithm have been presented with illustrative
images from draining experiments. In a final presentation, the method was illustrated by
applying it to images taken from a video sequence of a draining experiment in the Hele-Shaw
model, demonstrating how it can be used to automatically extract and refine information and
provide quantitative estimates of key parameters characterizing the two-liquid drainage.
The method has been used to extract such information from a large set of experimental runs
with the Hele-Shaw model to quantify the results [24] and to provide variables that can be used
for parameter estimation and validation of computational models of the draining process. This
includes observations concerning the conditions under which the iron-slag level may stay at or
above the taphole at the end of the tap. Further experiments will be undertaken for gaining
deeper understanding of the behavior of iron and slag in the hearth of the ironmaking blast
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furnace during tappings, e.g., to explain the observed complex outflow patterns [12,26]. The
image-based detection of the liquid levels and volumes can also be used to design experiments
where the two phases are automatically supplied at the same rate as the outflows, making it
possible to study the bending of stagnant interfaces under different liquid through-flow rates.
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