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Abstract
An on-line model of the liquid levels in the blast furnace hearth is developed based on mass
balances, estimates of the production rates and measurements of the outflow rates of iron and slag.
To consider differences arising in the hearth when different tapholes are operated, the hearth is
divided into m regions, characterized by individual iron and slag levels. The pools communicate
with each other by cross-flow of iron and slag. To prevent drift in the liquid level estimates, a
correction procedure is developed to make the levels stay within reasonable bounds. The model is
applied to measurement data from a three-taphole blast furnace and is demonstrated to provide an
on-line view of the in-furnace conditions. The liquid level estimates as well as the required
corrections are illustrated and analyzed for cases with different model parameters, and an
explanation of the required corrections is provided. The model is also evaluated with respect to its
ability to predict the end of the taps. Finally, conclusions concerning the validity of the model are
drawn and possible future developments of it are outlined.

Keywords: blast furnace hearth, drainage, liquid levels, on-line model
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1.

Introduction

The blast furnace is the primary production process for iron used for steelmaking in the world. The
furnace is a complex reactor with multi-phase mass and heat transfer and chemical reactions,
showing considerable spatial and temporal distributions.[1] The lowest part of the furnace, the
hearth, acts as a temporary storage of the produced liquids, molten iron (“hot metal”) and slag,
from where they are drained through tapholes drilled in the furnace lining. The operation of the
hearth is important for the blast furnace process since the hot metal achieves its final state
(composition, temperature) in this region, and an undisturbed drainage of the molten phases is
required to be able to run the process smoothly without major disturbances. [2] The hearth state is
also crucial since a cost-effective production today requires furnace campaigns extending up to 2025 years, and full repairs of the hearth refractories cannot be undertaken unless the furnace is
stopped and emptied completely. [3,4] However, very little information can be obtained from the
lower part of the furnace due to a high throughput (mechanical wear), a hostile environment
(corrosive melt, pressures exceeding 4 bar and temperatures in the order of 1500 C), and difficult
access (thick refractory-lined walls). Therefore, the internal state of the hearth can only be
reconstructed from measurements of the inputs and outputs at the furnace boundary.[5] However,
the large dimensions and the special working principle of the hearth with intermittent tappings
where liquids flow through a coke bed (the deadman) on their route to the taphole lead to spatial
distributions of the variables. Iron and slag are drained through the same taphole, but one-phase
flow may still occur in the beginning of a tap if the inner end of the taphole is in contact with solely
one liquid phase. As the furnace is drained, the outflow rates increase with time due to wear of the
taphole clay. [6, 7] In larger furnaces with several tapholes, the tapping schedule of different tapholes
may overlap, but the tapholes are often operated consecutively. This gives rise to a cycling motion
of the liquid levels in the hearth.[8] As excessive slag-level heights should be avoided, e.g., not to
affect the smooth descent of the burden, it is important to be able to estimate the liquid levels. The
evolution of the liquid level is further complicated by the fact that iron can be drained to levels
below the taphole because the outflow of the viscous slag phase creates a lower static pressure in
front of the taphole. [9] The high slag viscosity also results in a downward bending (declivity) of
the slag-gas interface towards the end of the tap, finally letting out gas through the taphole (which
usually is a sign that the tap has to be ended). In addition to these phenomena, the large dimensions
of modern blast furnaces may give rise to considerable offset in the liquid levels in different parts
of the hearth, and this is further accentuated if the deadman is impermeable.
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Several authors have proposed means of tracking the liquid levels in operating blast furnaces.[9-12]
The approaches are commonly based on material balances of iron and slag combined with
information about the hearth geometry and assumptions about the internal state (deadman voidage
and floating state). In its simplest form, the liquid levels are reconstructed after each tap by
weighing the tapped iron and slag and by stating mass balances, where the production rates of the
liquids are calculated either from the charged quantities or from an oxygen balance. However, if
real-time tracking of the liquid levels is aimed at, the production rates must be based on short-term
(gas) balances and the outflow rates must be measured. The former can be realized by an oxygen
balance based on blast and top gas variables in combination with information about the oxygen
content of the iron bearing material, assuming a fixed slag ratio. The latter in practice means that
the quantities of iron and slag that are collected in the torpedo/ladle and in the granulation unit,
respectively, be monitored and differenced to provide estimates of the outflow rates. If this can be
done reliably, it is possible to follow the short-term variation of the liquid levels. Several such
instantaneous models have been reported in the literature.[10-12] It is also possible to determine
liquid levels in the hearth by indirect methods. Danloy et al. [13] proposed a method where nitrogen
was introduced through a pipe in an idle taphole, and the pressure required to maintain a given gas
flow rate was used to estimate the pressure caused by the iron and slag pools, in addition to the infurnace gas pressure. The technique is, however, not suited for on-line use, but merely to provide
complementary information during measurement campaigns. It could also be used for calibration
of alternative estimation techniques. Other methods to track the liquid levels include measuring the
electromotive force (emf) between two electrodes in the hearth lining or on the shell. [14-17] The
mechanisms behind the generation of the voltage are not fully understood, but in many furnaces
the emf signals show a time evolution that presumably reflects the iron or the slag level in the
hearth. Another similar technique is to monitor the strain of the furnace lining or shell by gauges,
which react upon changes of the in-furnace static pressure, which are mostly affected by the varying
liquid levels. [17,19]
A common problem of all the continuous techniques is signal drift: both emf and strain gauges
have a tendency to exhibit slowly increasing or decreasing signals, where the trend is occasionally
changed in the opposite direction.[17] Likewise, for the mass-balance based approaches there is
always drift, as a signal containing noise upon integration shows non-stationary behavior, even
though the disturbances would be white noise (i.e., Gaussian uncorrelated noise with zero mean).
4

[11]

Therefore, any valid liquid level estimation model based on measurements from the blast

furnace hearth must include a method for correcting the levels to make them physically feasible.
The present paper proposes an approach where the liquid levels in a blast furnace are estimated
based on on-line information of the outflows of iron and slag. As the studied blast furnace is large,
it is motivated to consider level differences between the parts of the hearth, as suggested by other
authors.[19-22] The hearth is therefore divided into several parts, which exchange liquids according
to certain simple principles. To provide physically meaningful liquid-level estimates, a method for
correcting the levels at certain points of the tap cycles is developed. The assumptions behind the
model are presented in Section 2, together with its main equations. Section 3 illustrates the model
applied to measurement data from a blast furnace, and an analysis of the effect of its parameters is
provided. The corrections that are needed to keep the liquid levels reasonable are analyzed and
some specific observations from the taps are reported. The model is also applied without correction
for on-line prediction of the end of the taps. Finally, conclusions are drawn and recommendations
are presented on how to improve the model and the interpretation it provides.

2.

The Model

2.2

Basic Assumptions

The mathematical model is based on a set of simplifying assumptions, which are briefly listed
below and explained in more detail at the end of this section and in section 2.3.
1. The hearth cross-section area (𝐴) and deadman voidage (𝜀) are known and the deadman is
sitting on the hearth bottom.
2. The hearth is divided into 𝑚 pools, each representing a share, 𝑠 (𝑗) =

𝐴(𝑗)
𝐴

, 𝑗 = 1, . . , 𝑚, of

the cross-sectional area.
3. The iron and slag flows between adjacent pools are proportional to the pressure difference
between them, and to communication factors, 𝜑ir and 𝜑sl , respectively.
4. Estimates of the production rates of iron and slag, 𝑚̇ir,in and 𝑚̇sl,in, are available from
material balances.
5. Estimates of the tapping rates of iron and slag, 𝑚̇ir,out and 𝑚̇sl,out, are available from
measurements of the outflows.
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6. The moment when both phases occur in the taphole sets a condition for the iron level in
the tapping pool.
7. The tap ends when the slag surface in the tapping pool bends down to the taphole.
The first assumption is introduced to simplify matters, as a simple division of the hearth is desirable
and the consideration of a floating deadman considerably complicates the expressions of the liquid
levels.[23,

24]

The assumption about multiple pools is motivated by the treatment of other

investigators[19-21] and also by observations of the drainage patterns in the furnace studied.
Assumption 3, i.e., laminar flow, is justified by a slow flowrate of liquids far from the draining
taphole: At a flow rate of about 1 mm/s, assuming a coke particle diameter of 30 mm and iron and
slag viscosities of 0.005 Pa·s and 0.4 Pa·s, respectively, the Reynolds number falls in the range Re
= 0.2…40. As for the fourth assumption, most steel plants calculate on-line estimates of the hot
metal and slag production rates. For the reference BF, outflow rate estimates of hot metal and slag
were available from torpedo weighing and by correlation with signals from the slag granulation
drum (e.g., torque of the motor, water consumption or temperature). The sixth assumption is
introduced to prevent drift in the iron level and is justified by fundamental aspects of fluid
mechanics. Three different cases are considered, as discussed in the next subsection. The seventh
and final item is a well-established fact[9] based on fluid mechanics.
2.3

Main Equations

This section presents the main equations that describe the liquid levels and the boundary conditions.
It also outlines the procedure developed to prevent drift in the level estimates. Figure 1
schematically depicts the system for a hearth with m = 4 pools based on the number of tapholes
and their locations in the BF studied in this work (here just illustrating one of the liquids for the
purpose of clarity): each pool is characterized by its own iron and slag levels.

6

Figure 1. Schematic illustration of the iron levels in a four-pool liquid level model (left) with the
three tapholes in the reference furnace indicated (right).
The liquid levels in the pools are expressed by the differential equations[22]

(𝑖𝑗)

(𝑗)

d𝑧ir
d𝑡
(𝑗)

d𝑧sl
d𝑡

d𝑧ir

+

d𝑡

(1)

𝜌ir 𝐴(𝑗) 𝜀
(𝑖𝑗)

(𝑗)

=

𝑠 (𝑗) 𝑚̇ir,in +∑𝑖≠𝑗 𝑚̇ir +𝛿𝑗,𝑗∗ 𝑚̇ir,out

=

𝑠 (𝑗) 𝑚̇sl,in +∑𝑖≠𝑗 𝑚̇sl +𝛿𝑗,𝑗∗ 𝑚̇sl,out

(2)

𝜌sl 𝐴(𝑗) 𝜀

where the first term in the numerator of the right-hand-side expresses the liquid inflow (from above)
to the pool, the second is the cross-flow while the third is the outflow if this is the pool that is being
tapped (𝑗 ∗ ). The Kronecker delta is defined as 𝛿𝑗,𝑗∗ = 1 if 𝑗 = 𝑗 ∗ , else 𝛿𝑗,𝑗 ∗ = 0, and the cross-flow
between the pools is written as
(𝑖𝑗)

𝑚̇𝑘

(𝑖𝑗)

= 𝜑𝑘 𝐿(𝑖𝑗) ∆𝑝𝑘 ;

(3)

𝑘 = ir, sl

with
(𝑖𝑗)

∆𝑝ir

(𝑖)

(𝑗)

(𝑖)

(𝑗)

= 𝑔 [𝜌sl ( 𝑧sl − 𝑧sl ) + 𝜌ir ( 𝑧ir − 𝑧ir )] ;
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(𝑖𝑗)

(𝑖)

(𝑗)

∆𝑝sl = 𝑔𝜌sl ( 𝑧sl − 𝑧sl )

(4)

In these equations, 𝜌ir and 𝜌sl are the iron and slag densities, 𝑔 is the gravitational acceleration and
𝐿(𝑖𝑗) is the length of the segment between the pools, which is the hearth radius for neighbor pools
and zero for non-neighbors. The factors 𝜑𝑖𝑟 and 𝜑𝑠𝑙 parameterize the communication rates
between the pools, making it possible to consider impermeable zones or free channels between the
pools.
The liquid levels in the pools are obtained by integrating Eqs. (1-2) under boundary
conditions, but – as pointed out in the Introduction – a main complication is that drift in the levels
should be avoided. We therefore correct the iron level of the draining pool for the last tap so it is
at the taphole level at the moment when both iron and slag appear as detailed below. [11] For the
slag end level in the draining pool, an estimate based on a flow-out coefficient-like expression[2527]

is used. However, it is unlikely that the inner end of the taphole wall/clay remains intact as the

drill breaks through the lining, and that the drill would follow the aim angle without deflection in
its progress through the lining. We therefore introduce a band around the centerline of the
(estimated) inner end of the taphole, 𝑧th ± ∆𝑧th, as indicated by the insert in the right part of Figure
2, and assume that the two-phase outflow starts when the iron levels enters this band. A similar
band around the estimated slag-end level is also introduced to consider uncertainty of Eq. (6).
The tapped quantity of iron is weighed in torpedos so it is  despite occasional errors
caused by, e.g., torpedo changes  relatively accurate, while the tapped quantities of slag are much
more difficult to measure accurately. As for the produced quantities, the online estimates are also
somewhat uncertain: the calculated the iron production rate is based mainly on an oxygen balance
expressing the rate of oxygen removal from the charged iron oxides, while the slag rate is obtained
via the estimated iron production rate and the share of slag formers charged and the coke- and coalash components released to the slag. Considering these aspects, it was deemed appropriate to rely
on the tapped quantities of iron and to correct the estimated production rate. The production rate
of slag was changed accordingly, after which the remaining balance error was addressed by
correcting the slag outflow rate. The procedure for correcting the liquid levels is indicated
schematically in Figure 2: The differential equations (1-2) are solved from the moment when both
liquid phases appear in the taphole during the previous tap to the corresponding point for the present
tap. The iron production and slag outflow rates are then adjusted gradually until the levels satisfy
the criteria listed below.
For iron, three different cases are considered:
8

i.

If iron is the first phase to be tapped (i.e., positive slag delay), the slag in the draining pool
is assumed to be located above the taphole band, so the iron level should be at the upper
limit of the band at the moment when slag enters the taphole. Thus, the correction of the
iron inflow is continued until this condition is met.

ii.

If iron and slag enter the taphole simultaneously, the iron level may fall anywhere within
the taphole band at tap start. If the original level satisfies this condition, no correction is
undertaken, and if the original level is above (below) the band a correction downwards
(upwards) is made until the upper (lower) limit of the band is reached.

iii.

If slag is the first phase to be tapped (i.e., negative slag delay), the iron in the draining pool
is assumed to be located below the taphole band, so the iron level should be at the lower
limit of the band at the moment when iron enters the taphole. Thus, the correction of the
iron inflow is continued until this condition is met, but to account for the lifting effect of
the outflowing slag, the band is extended downward by an assumed distance, ∆𝑧lift .

For slag, the condition is less complicated: the slag level at the end of the previous tap is required
to enter into the uncertainty band around the target level, i.e.,
(𝑗 ∗ )

|(𝑧sl

(𝑗 ∗ )

− 𝑧th ) − 𝑧sl,end | ≤ ∆𝑧

(5)

where the target
𝑧sl,end = 𝜔

(𝑗 ∗ )

(𝑗∗ )

𝑚̇sl,out

(6)

∗
𝜌sl 𝐴(𝑗 ) 𝜀

is taken to be proportional to the average descent velocity of the slag level in the draining pool
(disregarding the motion induced by the moving iron level and by cross-pool communication). This
simpler equation of the declivity of the slag surface, which has a model parameter 𝜔 that controls
the final slag end level, was used instead of the flow-out coefficient approach, since the slag
viscosity, local deadman voidage and coke diameter close to the taphole are largely unknown in
practice. The above procedure results in two corrected liquid level evolutions, as indicated
schematically by the dashed lines in Figure 2.
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Figure 2. Principles of corrections in the model. Vertical lines denote important times for the
corrections during the tap cycles, while horizontal lines denote the bands around the taphole and
the estimated slag-end level. The insert in the right part of the figure indicates the idea behind the
band of uncertainty around the inner end of the taphole.

2.4

On-line Estimation of Liquid Levels

In an on-line application of the model, the levels for the last tap cycle are updated at the moment
when the second of the two liquid phases starts flowing out of the taphole in the present tap. From
this point onwards, the uncorrected outflows must be used. In order to predict when the present tap
will end, the quantity
∆𝑧pred (𝑡) =

(𝑗 ∗ )
(𝑧sl (𝑡)

−

(𝑗 ∗ )
𝑧th )

−𝜔

(𝑗 ∗ )

(𝑗∗ )

𝑚̇sl,out (𝑡)
∗
𝜌sl 𝐴(𝑗 ) 𝜀

(7)

may be followed, and the approach of ∆𝑧pred (𝑡) to zero may be taken as an indication of the
upcoming tap end.

3.

Results

The model outlined in Chapter 2 was implemented in Matlab, applying a time step of one minute
to solve the differential equations by an explicit scheme using measurements from a reference blast
furnace with three tapholes. The data set analyzed is from three months, holding about 880
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consecutive taps. The set includes about ten stoppages lasting more than an hour, three of which
were longer than a shift. As the tapholes are located approximately in three points of the compass
(N, S, and W, cf. right panel of Figure 1), the hearth was divided into four equal regions with crosssections 𝐴(𝑗) = 𝐴/4 , 𝑗 = 1, … ,4, with 𝐴 = 𝜋𝑑2 /4 with a hearth diameter of 𝑑 = 14 m. Thus, one
of the four regions (Pool 2) is never directly drained and usually two are alternately drained. Only
in conjunction with changes in the operating taphole pairs, three tapholes were used and at such
situations and in conjunction with the longer stoppages some tappings occasionally overlapped.
The active tapholes are reported in Table 1, dividing the data into seven sets based on the tapholes
in operation, where the four periods listed in the last column will be discussed later. The outer end
of the taphole is defined as 𝑧 = 0 m, while the level of the inner end is calculated from the
measured taphole length considering a downward angle of the drill, so it may vary between the
tapholes and also with time. The band around the taphole and nominal slag-end level was chosen
as ∆𝑧 = 0.2 m, i.e., including a reasonable uncertainty, and the lifting effect of slag was (rather
grossly) estimated to be ∆𝑧lift = 0.15 m. The deadman voidage was estimated to be 𝜀 = 0.3 while
t

t

𝜌ir = 7.0 m3 and 𝜌sl = 2.6 m3 were used for the hot metal and slag densities, respectively. The
value of the parameter of the slag-end level in Eqs. (5-6) was set to 𝜔 = 20 min for all the pools
tapped.

Table 1. Operation of the three tapholes during the three-month period of the reference blast
furnace, and the four 40-tap periods studied in Figures 5 and 9.
Data set

Tap #

TH1

TH2

TH3

1

1-108

X

X

2

109-140

X

X

X

3

141-381

X

X

4

382-388

5

389-659

X

6

660-683

X

7

684-887

Periods in Figures 5 and 9
Period 1: 60-100
Periods 2 & 3: 180-220, 340-380

X

X
X

X

X

X

X
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Period 4: 670-710

3.1

Liquid Levels and Corrections

In the first examples to be illustrated, the pool communication factors were set to 𝜑ir = 2.8 ∙ 10−4 s
and 𝜑sl = 1.4 ∙ 10−4 s, yielding four pools showing some level differences, i.e., corresponding to
a state where the deadman permeability is somewhat limited. The first example represents a period
of 2000 minutes comprising about 14 tap cycles from the later part of Data set 3 (cf. Table 1),
where two opposite tapholes (TH1 and TH2) operated. Figure 3a illustrates the resulting evolution
of the liquid levels in Pool 1 (Blue solid line), Pool 2 (black dash-dotted line), Pool 3 (red dashed
line) and Pool 4 (magenta dash-dotted line). Due to symmetry of this system, the two dash-dotted
lines fall on top of each other, so the black line is not seen in this figure. The end levels for both
iron and slag are seen to exhibit some drift from one tap to another, but stay within reasonable
limits because of the corrections. Naturally, the levels vary most in the pool that is being tapped
and any irregularity in the outflows is mainly reflected in these levels. The fact that the slag-end
level is higher for some taps (5, 7, 13) is caused by a stronger outflow. Figure 3b shows how the
bands around the taphole and slag-end point vary for the taps. Red solid squares and red circles
indicate the places where the iron-slag and slag-gas interfaces of the draining pool are at the end of
the period after (possible) correction (cf. Figure 2) for the corresponding operated tapholes. The
level of the iron band is seen to be almost constant since the taphole lengths during the period stay
practically unchanged, but the shifts in the slag-end level bands are considerable. Closer inspection
of these together with the results of the Figure 3a reveals that the lower slag-end levels primarily
occur in Pool 3 (taps 1,3,5…), where TH2 drains more slag than TH1 in Pool 1. Several of the end
points of the slag level fall at the edges of the band, while for iron many points fall within the band,
indicating that no iron correction was needed. Figure 3c shows the corrections of the mass of
produced iron (black bars) and tapped slag (red bars). It illustrates that the iron balances are
satisfied exceptionally well for the period, with only four corrections required. For the slag,
corrections of all taps are needed, but they are small to moderate considering that the average
tapped mass of slag is 185 tons. However, two slag taps (3 and 13) require corrections exceeding
50 tons, both in the negative direction indicating that the reported outflow rate is too large. It is
interesting to note that the two major iron corrections occur simultaneously, but in the opposite
direction (since the inflows of iron are corrected). Further scrutiny of the figure reveals that the
taps alternately drain more or less slag,[22] yielding corrections of opposite signs (e.g., taps 2-6, 811). Still, these patterns are not categorical and exceptions occur.
The period studied above was characterized by relatively small corrections without consistent
errors. During other periods, however, the behavior was different and the liquid level corrections
12

occasionally showed clearly non-stochastic patterns. Figure 3d illustrates a period of 2000 minutes
period from the middle of Data set 5, where the neighbor pools, Pool 1 (blue solid lines) and Pool
4 (magenta dash-dotted lines) being tapped behave fundamentally differently. Due to a lower
tapping rate of slag, TH1 in Pool 1 is seen to drain slag to lower levels than TH3 in Pool 4. Figure
3e shows some more variation of the inner level of the tapholes, and also the lower slag-end levels
for taps 1, 3, 5 and 7 from TH1. Figure 3f, in turn, shows that practically all iron taps in the period
are smaller than expected, leading to a correction decreasing the production rate, while the taps of
slag, with a few exceptions, show alternating positive and negative corrections. Such non-uniform
drainage of slag has been reported by Iida and co-workers,[20] who attributed it to drainage from
zones of different size separated by a low-permeability region. This behavior may also be caused
by different coke-bed permeability in front of the two operating tapholes, as discussed further in
the next subsection.
The results of Figure 3d-f indicated systematic errors in the iron balance. As an alternative to
analyze the results, the cumulative corrections of iron and slag were determined for the last 𝑛 taps
to reveal whether several consecutive corrections have the same sign or if the corrections cancel
each other. Figure 4 shows the cumulative mass of iron (black) and slag (red) for 𝑛 = 10 taps,
roughly corresponding to one day of operation. For iron, irregular peaks are seen in the cumulative
corrections, while the slag shows more drifting patterns. There seem to be periods of accumulation
and depletion of iron in the hearth, which may, e.g., reflect changes in the floating state of the dead
man. Furthermore, the accumulations of iron and slag do not show correlation, which is a sign that
the correction procedure has not introduced bias into the balances.
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Figure 3. Estimated liquid levels (a and d), location of bands around the (inner end of) the taphole
and the nominal slag-end level (b and e) and correction of the mass of produced iron and tapped
slag (c and f) for a period where Pools 1 (TH1) and 3 (TH2) were operated (left panels, a-c), and
for a period where Pools 1 (TH1) and 4 (TH3) were operated (right panels, e-f). Pool 1: blue solid
line, Pool 2: black dash-dotted line, Pool 3: red dashed line, and Pool 4: magenta dash-dotted line.
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Figure 4. Cumulative corrections of iron (black lines) and slag (red lines) for 𝑛 = 10 taps.

In order to get a better view of the different patterns shown by the iron and slag corrections, Figure
5 depicts the corrections for four different periods of the data set, each spanning 40 consecutive
taps, with the iron corrections depicted above the corresponding slag corrections. The periods
chosen (cf. Table 1) represent different draining conditions in terms of operating tapholes and their
distribution in time: In Period 1 two adjacent tapholes (TH2 and TH3) operate, in Periods 2 and 3
the opposite tapholes TH1 and TH2 operate, while in Period 4 all three tapholes are operated
initially followed by a period where TH2 and TH3 are operated, exactly as in Period 1. The figure
confirms that the iron and slag corrections are independent. The correction of the iron balance
sometimes shows periods of negative corrections followed by periods of positive corrections, or
vice versa, while the slag shows more stochastic corrections. However, for Periods 2 and 4
(depicted in the bottom panels) the two operating tapholes alternately drain more and less slag than
the average.[22] Even though different taphole pairs operate at these periods, TH2 is the one draining
more slag in both cases. This may indicate that the local conditions in front of the tapholes (cokebed voidage, contact with taphole) are different, as discussed in the next subsection. Comparing
the results for Periods 2 and 3, it is also interesting to note the different behavior of the hearth in
the initial and later parts of Data set 3.

15

Figure 5 Corrections of the mass of produced iron (black) and tapped slag (red) for four different
periods of the data set (cf. Table 1).

3.2

Sensitivity to Parameter Values

The model developed has some key parameters that affect the resulting interpretation of the liquid
levels and the corrections required. The sensitivity of the results to some of the main model
parameters is briefly analyzed in this subsection.
To illustrate the effect of the band of uncertainty, ∆𝑧, on the corrections, the first 2000-minute
period (from Data set 3) was studied with narrower ( ∆𝑧 = 0.1 m ) and wider ( ∆𝑧 = 0.3 m )
constraints on the liquid end-levels. Figure 6, which depicts the results, shows that the narrower
constraint (top panel) has introduced clearly larger corrections of the mass of tapped iron, while
the wider constraint has practically eliminated the need of corrections for iron. For the slag the
changes are smaller, which is mainly due to the smaller slag density (since the figure expresses
mass-based corrections). By comparing the top and bottom panels, one may also note that for the
case where the corrections have the same sign, a reduction in the iron correction results in an
increase in the slag correction. The reason for this is that for iron the inflow and for slag the outflow
are corrected, and a shift of the iron level also shifts the slag level correspondingly as the slag floats
on the iron. This illustrates the complexity of the system and the coupling of its state variables.
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The connection between the four pools naturally affects the liquid levels in the different parts of
the hearth. Since the iron has a lower viscosity than slag and the different iron pools may
furthermore be connected by coke-free regions at the hearth bottom close to the sidewall, the value
of the iron communication factor was doubled to 𝜑ir = 5.6 ∙ 10−4 s , keeping the slag
communication factor unchanged. Figure 7 shows that the higher value of the iron communication
factor has led to a realization where the iron pools show very small level differences, resembling
the case with only one iron pool. The general patterns shown by the slag remain practically
unchanged, but the levels are slightly lowered. It should be noted that the correction terms (not
shown) are practically identical with those presented in Figure 3c despite the stronger connection
of the iron pools.
In an attempt to evaluate if different slag drainage of the tapholes during certain periods could be
ascribed to the local conditions in front of the taphole,[28, 29] the observations made in conjunction
with Figure 5 inspired a test where Pool 3 (with TH2) was given a lower value, 𝜔 (3) = 5 min, in
the expression, Eq. (6), of the slag end level, while the corresponding parameter values for the two
other draining pools were kept unchanged (i.e., 𝜔 (1) = 𝜔 (4) = 20 min). This hypothesis is also
supported by observations that TH2 usually drained slag first while for TH1 or TH3 iron and slag
started draining simultaneously and some taps showed positive slag delay,

[22]

as illustrated

schematically in Figure 8: After draining through TH1 or TH3, the iron level at TH2 () is low,
and it is still below the entrance of TH2 after the short inter-tap period, so slag drains first. By
contrast, after draining through TH2, where the surfaces bend less, the iron end level () is high,
leading to simultaneous outflow of iron and slag, or even iron-first flow, as TH1 or TH3 is opened.
Figure 9 illustrates the resulting corrections for the four periods studied earlier. It is interesting to
see that this change has practically eliminated the alternating corrections in the slag balance for the
second and fourth periods, but now the first and third periods show alternating slag corrections.
Considering the operation of the tapholes as condensed in Table 1, the first period studied (taps 60100) corresponds to data when TH2 and TH3 have been operated for some time, the second period
(taps 180-220) to a time when TH1 has been recently taken into operation (with TH2) and the third
period to a time when TH1 and TH2 have been in use several weeks. Finally, during the last period
(taps 670-710) all three tapholes are operated initially but TH1 is soon left idle and TH2 is taken
into use instead, while TH3 continues its operation. On the basis of this, it is reasonable to suspect
that the coke bed in front of TH2 has a lower packing density, which gives rise to the liquid end
levels as schematically depicted in Figure 8, when compared to the other draining taphole. The
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results also indicate that the differences between the operation of the tapholes are largest when a
“fresh” taphole has been taken into use, but vanish with time (cf. Periods 2 and 3 in Figures 5 and
9).

Figure 6. Corrections of the mass of produced iron (black) and tapped slag (red) for ∆𝑧 = 0.1 m
(top) and ∆𝑧 = 0.3 m and (bottom).
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Figure 7. Estimated liquid levels for a period of 2000 minutes with strong connections between
the iron pools (𝜑ir = 5.6 ∙ 10−4 s).

Figure 8. Schematic of the expected end state of liquid levels for the case where the coke-bed
permeability in front of one taphole (here TH2) is higher than in front of the others (TH1 and TH3),
yielding smaller bending of the iron and slag surfaces.

19

Figure 9. Corrections of the mass of produced iron (black) and tapped slag (red) for four different
periods of the data set with 𝜔 (1) = 𝜔 (4) = 20 min and 𝜔 (3) = 5 min in Eq. (6).

3.3

Tap-End Detection

One potential application of the present model is to predict the end of the tap on-line. In order to
study the predictive capacity of the model, we apply it to express the vertical distance between the
slag level in the draining pool and the estimated slag end level, i.e., ∆𝑧pred (𝑡) of Eq. (7), using the
nominal set of parameters first used in Section 3.1. The left panels of Figure 10 show the evolution
of this distance for the same two time periods as depicted in Figure 3, where the time when the tap
is predicted to end corresponds to ∆𝑧pred (𝑡) = 0 m. The results for the former period (Figure 10a)
indicate that the model has been quite successful in predicting the end of the tapping, particularly
for TH1 (dasged lines), even though the model alternately slightly over- and underestimates the
duration of the tapping. For the second period (Figure 10b), the results are clearly worse and the
differences between the performance of the two tapholes are greater. To indicate a way to improve
the performance, the results for a period in Data set 3, starting at tap 190, are illustrated in the right
panels, both for the nominal parameter set (Figure 10c) and for the case with 𝜔 (3) = 5 min (Figure
10d). These panels clearly show that the modified parameter set has led to substantially improved
prediction accuracy, and has practically eliminated the alternating errors.
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Figure 10. Predicted vertical distance between the estimated slag level in the draining pool and the
slag-end level, ∆𝑧pred (Eq. (7)). Left panels (a and b): Results for the periods studied in Figures 3
using nominal parameter values. Right panels: Results for another period of Data set 3, using
nominal parameter values (panel c) and a 𝜔 (3) = 5 min (panel d).

4.

Conclusions and Future Work

An on-line model of the liquid levels in a multi-taphole blast furnace hearth has been presented.
The model is based on mass balance equations for iron and slag, calculated production rates and
measured outflow rates of the two liquids and a division of the hearth into distinct pools. Iron and
slag flow between the pools is driven by pressure differences and the communication is controlled
by parameterized expressions. For the sake of simplicity, the deadman is taken to sit on the furnace
bottom and its voidage is assumed to be known. To prevent drift of the signals, corrections of the
inflow or outflow rates are required and a procedure for this was therefore developed, where the
levels of iron and slag at two moments of the tap cycle are required to fall within certain bands.
The model has been illustrated on a data period from a three-taphole furnace, dividing the hearth
into four pools  three tapping and one non-tapping. The estimated liquid levels and corrections
needed have been presented and the effect of some model parameters on the resulting interpretation
has been analyzed. The model has finally been applied to estimate the end of the taps by predicting
the liquid levels without corrections, and it has been demonstrated that the different drainage
21

behavior shown by the tapholes of the furnace can be explained by assuming different coke-bed
permeability in front of the tapholes.
There are several ways in which the model could be extended and the analysis deepened. An
obvious extension would be to consider a (possible) floating of the deadman, which is known to
affect the liquid levels.[23,24,30] This could lead to a better description, and thus smaller corrections,
of the iron balance, particularly in conjunction with stoppages, where the changes of the drag from
the gas may lead to transitions between a floating and a sitting deadman state. Since the results of
the model clearly improved as the parameter controlling the declivity of the slag surface was
changed, another development would be to recursively estimate the parameter by minimizing the
(slag) corrections with respect to it. The options to consider pools of varying size[22] are also worth
exploring, as well as the possibility of incorporating indirect level information, such as emf signals,
to improve the prediction accuracy of the model.[31,32,33]
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