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In a modern integrated steel plant, slag-free tapping during transfer of liquid steel from the BOF
vessel to the ladle is prerequisite to produce ultraclean steel for high-end critical applications.
The present investigation aims to examine the drain vortices during the liquid steel tapping
process. The tapping experiments were conducted in a geometrical down-scaled Perspex BOF
cold model, which was more akin to the industrial practice than the other geometries previously
reported in the literature. The study highlights the influence of the complex BOF shape on drain
vortices during the tapping process. It is observed that vorticity behavior during liquid steel
tapping from the BOF vessel is different from the earlier observations reported for the teeming
process. The parametric study of the tapping process and its analysis confirmed that the
threshold height for drain vortices is strongly influenced by the nozzle diameter (ND) and
marginally influenced by the residual inertia of the liquid. The carryover ratio (COR) for the
water-oil experiments is in agreement with the values obtained in industrial practice. Yield loss
tends to increase with the increase in ND. The onset of drain vortices in the presence of
overlying phase (oil/slag) during the BOF tapping process could be principally controlled by the
vessel design. The physical properties of the overlying phase had negligible influence on the
drain vortices. The critical times for vortex and drain sink formation were predicted based on
dimensional analysis coupled with the mathematical formulation for the tapping process. A
strategy to control the slag carryover during the tapping process in industry is also discussed and
postulated based on the understanding developed from water modeling experiments.
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I. INTRODUCTION

MODERN steelmaking operations can be divided
broadly into three important stages, i.e., refining,
transfer operations, and solidification. One of the major
challenges in transfer operation is proper monitoring of
process parameters to restrict the carryover slag in
transfer ladles. In industry practice, it is difficult to
discard the overlying slag completely during transfer of
liquid steel from one vessel to another (during tapping
and teeming), as overlying slag always tends to carry-
over along with the liquid steel.[1–3] The slag entrapment
during final stages of liquid steel processing (i.e.,
teeming operation) adversely affects the quality of the

cast steel product. Therefore, slag entrapment during the
teeming operation needs to be completely avoided to
improve the cleanliness of cast steel. Research[3–7] has
been conducted for several decades to understand the
slag carryover mechanisms and their control during
liquid steel teeming from the ladle. Vortex formation at
the critical liquid height (LH) and drain sink formation
during the final stages of teeming are reported as the
prime mechanisms for slag entrainment into liquid steel.
It is reported that in the cold model simulation,[3] oil
(low-temperature analogue for slag) flow through the
ladle nozzles breaks and entrains into the liquid steel as
fine droplets and becomes entrapped during casting.
Researchers[3,5,8–11] have analyzed the conditions for the
onset of vortex funnels during the teeming process using
cold model simulation and dimensionless numbers. It
was found that the major factors responsible for vortex
formation during draining are residual motion in liquids
from previous operation (tangential or rotational veloc-
ity), ladle and nozzle dimensions, dwell time (DT) of
liquid steel in the ladle, nozzle eccentricity, etc.[3,12] It is
also reported that the density of overlying phase and the
critical outflow rate influence the formation of nonvor-
texing funnels such as drain sink.[8] Based on the
laboratory investigation results, Sankaranarayanan
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and Guthrie[3] designed a vortex buster to arrest vortex
funnels and demonstrated the same using water model
experiments and industrial trials. Mazumdar et al.[6]

reported that vortex formation during tundish emptying
limits the complete transfer of liquid steel into the mold
and causes yield loss. In their study, it was identified that
deployment of new flow modifiers with the slight change
in tundish design significantly reduced the tundish yield
loss. Kojola et al.[8] studied the influence of ladle bottom
geometry on drain sink formation and yield loss during
industrial teeming practice. Singh[10] investigated the
effect of Reynolds and Froude numbers on the teeming
process and identified that gravitational force and
Froud number have more influence on the draining
process. Apart from experimental investigations, many
studies[12,16–20] were solely based on numerical simula-
tion to obtain more insight about the onset of vortex
and drain sink formation. Li et al.[12] pointed out that
the Coriolis force and physical properties of steel have
little effect on vortex formation compared to the nozzle
dimensions and eccentricity. Davila et al.[6] mentioned
that the inclined ladle bottom favors vortex formation
rather than preventing it. Marcela et al.[20] modeled the
steel-slag interfacial perturbations in the ladle teeming
operation and optimized the parameters for maximum
yield. Most of these investigations were carried out to
understand the mechanisms and onset of slag carryover
during teeming rather than quantification. The quan-
tification for carryover slag is insignificant for teeming
operations, as even little entrapment will deteriorate the
quality of cast products.

The entrainment of slag during the tapping operation
leads to metal cleanliness problems. The quality of the
liquid steel during secondary refining stages depends on
the composition and amount of carryover slag during
the tapping operation. The presence of carryover
(oxidizing) slag in the ladle after tapping acts as the
source of impurities (such as phosphorus and oxygen in
steel)[21–23] and adversely affects desulfurization, recov-
ery of alloying elements, and inclusion removal during
the refining process.[21,24–28] The influence of viscosity on
the discharge of two-layer liquids through an orifice was
studied by Liow et al.[29] for industrial practice. Various
slag detection systems, such as infrared (IR) camera,
sensors, and continuous thermal mapping, are used for
identification and control of the vortex during the liquid
steel transfer process.[30–36] Devices, such as DART, tap
hole slide gate assisted slag stopper, and tap hole plugs,
are also proposed to arrest slag carryover.[34] In spite of
several approaches for controlling slag during liquid
steel tapping, techniques, such as DART and IR-based
camera, are commercially used in the steel industries.
However, the success in preventing slag to carry over
into the ladle during tapping is inherently associated
with intelligent placement of DART above the tap hole
and limitation in the IR-based techniques in predicting
the onset of slag carryover during the initial period. In
addition to this, IR-based techniques are expensive and
both technologies demand highly skilled operators to
make the timely decision toward the end of the tapping
process.

Available literature information pertaining to the
onset of the vortex and drain sink during tapping of the
BOF/LD vessel for various process conditions is still
limited.[36] Draining from a complex shape BOF vessel
needs to be understood thoroughly under dynamic
process conditions. It is also essential to explore the
possible vessel/tap hole design changes for better control
on slag carryover during the tapping process. To the
best of the authors’ knowledge, hardly any literature
exists on optimizing the operating parameters of the
BOF tapping process to arrest the carryover slag
without much loss in the iron yield. Therefore, this
investigation deals with the water model experiment of
the tapping process under various process conditions in
a geometrical down-scaled Perspex semi-BOF model
more akin to the industrial practice than any other
earlier reported geometries. The aim of this investigation
is to establish correlations for the prediction of the onset
of critical height for the vortex, drain sink, and yield loss
in a 1/7 scale down BOF cold model using dimensional
analysis. Another prime focus of this investigation is on
developing a better approach to restrict the slag carry-
over from the BOF vessel during the tapping process.
With this as an objective, a strategy to control the slag
carryover during the tapping process in industry is
discussed and postulated based on the understanding
developed from the water modeling experiments.

II. EXPERIMENTAL PROCEDURE

For the water modeling study, a scale down (1/7)
semi-BOF Perspex model was designed and fabricated.
The main aim for fabricating the cold model was to
independently study the influence of various process
parameters on the slag carryover mechanism during the
tapping process. The top, side, and rear views of the
semi-BOF vessel along with the dimensions are schemat-
ically shown in Figures 1(a) through (d). The detailed
design of the semi-BOF vessel reveals a cylindrical barrel
portion with a gradually tapering annular cone and a
tap hole. A schematic representation of the entire
experimental setup is shown in Figure 2(a). Pictorial
representation of the fabricated Perspex BOF model for
the tapping study is shown in Figures 2(b) through (d).
The complete assembled semi-BOF Perspex model for
the tapping study consists of the semi-BOF vessel,
collecting vessel, hydraulic jack, tap hole, and weighing
machine (Figure 2(b)). The side view of the fabricated
BOF model is shown in Figure 2(c). Figure 2(d) shows
the arrangement of an underwater camera to monitor
the vortex and drain sink events.
At the start of the experiment, the Perspex BOF vessel

was filled with water up to different initial LHs (8, 11,
and 14 cm) through a pipe fitted above the rear end of
the vessel pointing vertically downward. One of the
main aims of the study was to examine the effect of the
initial LH and nozzle diameter (ND) on the drain
vortices. Apart from the LH and ND, the initial filling
flow rate (FR) and DT of the fluid after filling until
tapping start are also considered in this investigation, to
account for the residual motion in the liquids before
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opening the nozzle.[1–3] In the BOF steelmaking practice,
some residual motion in the liquid is expected during the
post blow period before tapping. The effect of such
residual motion in liquid was taken care of by consid-
ering the FR and DT in the cold model simulation. The
FR of water (20, 30, or 40 lpm) during filling was
controlled and monitored using a digital contact flow
meter. After filling, the water was allowed to remain at a
standstill for a predefined DT (30, 60, or 90 seconds)
prior to opening the tap hole for draining. A camera was
placed on the back side of the transparent BOF vessel to
monitor the progress of the LH as the draining time
proceeded. An underwater camera (model: 1/16-in.
VGA CMOS endoscope camera with 6 LED bright
lights, frame rate: 30 FPS, focal distance: 3 to 10 cm,
and waterproof capacity: IP67) with computer interface
was also placed near the tap hole to record the
occurrence of vortex and drain sink events. The forma-
tion of a dimple at the gas-liquid (water) interface was
observed after a certain time of tapping. This dimple
extended downward and formed a vortex tail with the
increase in draining time. At the critical LH, where the
vortex tail extends up to the tap hole, the overlying
phase (air) may be entrained in the vortex and carried
over to the transfer ladle. Toward the end of the tapping
process, the vortex tail diminishes and converts into a
drain sink for the overlying phase.[17–19]

Therefore, tapping should be stopped at the onset of
the drain sink to avoid the entrainment of overlying
phase. During the tapping process, critical LH and time
for vortex and drain sink formation were measured from
the recorded image for all the experiments. The amount
of water tapped out and retained in the BOF vessel was

measured carefully for analysis. The similar procedure
was also adopted for water-oil experiments, where the
known amount of oil is added into the BOF vessel,
immediately after filling the vessel with water and prior
to opening the tap hole. In the case of water-oil
experiments, dimple forms at the oil/water interface
and the vortex tail reaches the tap hole with the increase
in draining time. The corresponding LH from the vessel
bottom is measured as the critical LH for vortex
formation. At the end of draining, the vortex head
extends up to the air-oil interface and converts to drain
sink for slag; the corresponding LH is noted as the
critical LH for drain sink formation. The tap hole was
immediately closed as soon as the appearance of oil in
the collecting tub was noticed. After completion of the
experiment, the weight of water tapped out from the
BOF vessel was measured. Water and oil retained in the
vessel were collected separately in the transparent
measuring cylinders, and the liquids were allowed to
settle for a prolonged time. After clear stratification in
the liquid layers, the volume of the liquids was measured
precisely directly from the scale on the measuring
cylinder. Fresh oil was used for every water-oil
experiment.
The detailed experimental plan adopted in this inves-

tigation is given in Table I. Experimental plan 1 mainly
focused on establishing the discharge curves (or drain
curves) for the identified process conditions. Experi-
mental plan 2 includes 108 experiments to study the
influence of various parameters, such as tap hole/ND,
initial filling FR, initial LH, and DT, on the occurrence
of the vortex as well as the drain sink in the BOF vessel
during the tapping process. Average values of three

Fig. 1—Design details of the semi-BOF vessel: (a) top view, (b) side view, (c) rear view, and (d) dimension of various section of BOF vessel.
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trials were considered for vortex, drain sink, and yield
loss analysis. In experimental plan 3, a set of experi-
ments were carried out to study the influence of the
various type of oils on vortex formation, yield loss, and
overlying phase (oil) carryover during the tapping
process. Another set of experiments (experimental plan
4) were also designed to study the influence of the
amount of oil on yield loss and overlying phase
carryover phenomena during the tapping process. The
average values of two trials of water-oil experiments
were taken for analysis.

III. RESULTS

A. Vortex and Drain Sink Observation

The underwater camera placed near the tap hole
recorded the vortex and drain sink events occurring
during the draining process. The pictorial representation
of the vortex formation event during the tapping

experiment conducted in the BOF cold model is shown
in Figure 3. The figure clearly demonstrates that the
vortex begins with dimple formation (Figure 3(a)) in the
free surface followed by extension of the tail toward the
tap hole (Figures 3(b) through (d)) and establishes into
the full vortex (Figure 3(e)) at the critical LH. Once the
full vortex is established, the penetration of the air core
to the flowing stream of water in the tap hole can be
understood easily through the generation of a piercing
sound. Toward the end of the tapping process, the
extended vortex was converted to the drain sink, as
shown in Figure 4 for all the studied NDs. The holelike
appearance present in the upper portion of the figures is
due to the reflection of light.

B. Drain Curve Analysis

The drain curve for the tapping experiments is
described as the graph representing the decrease in the
LH with respect to time proceeding toward emptying
the BOF vessel. The influence of various process

Fig. 2—(a) Schematic and (b) pictorial representation of the fabricated Perspex BOF model for tapping study, (c) side view of the fabricated
BOF model, and (d) arrangement of an underwater camera to monitor the vortex and drain sink events.
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parameters on the typical drain curves for the tapping
process is shown in Figure 5. Figures 5(a) and (b)
represent the effect of variation of the ND on drain
curves for the vessel filled with water up to the different
initial LHs of 14, 11, and 8 cm at a constant flow rate of
40 lpm and DT of 60 seconds. Both figures clearly reveal
that the drain curve significantly varies with the varia-
tion of both ND and initial LH. As expected, the
decrease in the ND increases the total draining time for

a constant initial LH, whereas the total draining time
increases with an increase in initial LH for a constant
ND. Figure 5(c) depicts the effect of variation of DT on
drain curves for the vessel filled with water up to an
initial LH of 14 cm at a constant initial filling FR of 40
lpm and ND (FR) of 1.05 cm. Two different DTs of 30
and 90 seconds were used for comparison purposes.
Figure 5(d) represents the drain curves for the vessel
filled with water up to an initial LH of 14 cm at different

Table I. Details of Experimental Plan

Solution Number Plan Parameters Range Number of Experiments

Drain curve analysis
1 experimental plan 1 tap hole diameter 1.05 cm 16 experiments
2 1.44 cm
3 1.77 cm
4 2.14 cm
5 filling FR 40 L/min
6 20 L/min
7 dwell/waiting time 30 s
8 90 s
9 initial LH 14 cm
10 11 cm
11 08 cm

Effect of Parameters on Vortex and Drain Sink Formation
12 experimental plan 2 tap hole diameter 1.05 cm 108 experiments

repetition = 2 times
average value of 3 trials
were considered for analysis

13 1.44 cm
14 1.77 cm
15 2.14 cm
16 filling FR 20 L/min
17 30 L/min
18 40 L/min
19 dwell/waiting time 30 s
20 60 s
21 90 s
22 initial LH 14 cm
23 11 cm
24 08 cm

Effect of Different Oils on Vortex and Drain Sink Formation
25 experimental plan 3 tap hole diameter 1.05 cm 12 experiments

repetition = 1 time
average value of 2 trials were
considered for analysis

26 1.44 cm
27 1.77 cm
28 2.14 cm
29 filling FR 20 L/min
30 dwell/waiting time 90 s
31 initial liquid (water) height 13 cm
32 type of oils coconut oil
33 mustard oil
34 petroleum ether
35 oil height 1 cm

Effect of Oil Height on Vortex and Drain Sink Formation
36 experimental plan 4 tap hole diameter 1.44 cm 12 experiments

repetition = 1 time
average value of 2 trials were
considered for analysis

37 2.14 cm
38 filling FR 20 L/min
39 dwell/waiting time 90 s
40 initial liquid (water) height 13.5/13/12.5 cm
41 type of oil mustard oil
42 coconut oil
43 oil height 0.5 cm
44 1 cm
45 1.5 cm
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initial filling FRs of 20 and 40 lpm and constant DT of
60 seconds and ND of 1.05 cm. Figures 5(c) and (d)
demonstrate that drain curves are identical and there is

no obvious variation in the progress of the drain curve
with the variation of DT and FR, respectively. There-
fore, the analysis of the drain curves suggests that both

Fig. 3—Pictorial representation of the vortex formation event during the tapping experiment conducted in the BOF cold model: (a) dimple
formation, (b) through (d) extension and tail formation, and (e) fully established vortex.

Fig. 4—Pictorial representation of the drain sink formation event during the tapping experiment conducted in the BOF cold model.
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the FR and DT have a negligible influence on the trend
of the drain curve in comparison with the ND and initial
LH during the BOF tapping process.

C. Effect of Parameters on Critical Height for Vortex
Formation

The effect of various parameters (e.g., FR, DT, LH,
and ND) on the critical LH for vortex formation (vortex
height) is represented in Figure 6. Figures 6(a) through
(d) represent the variation of the vortex height with the
(a) DT for constant initial filling FR of 40 lpm, (b) initial
LH for constant FR of 30 lpm, (c) FR for constant LH
of 8 cm, and (d) ND for constant FR of 20 lpm. No
significant variation of the vortex height with an
increase in DT is observed for the experiments con-
ducted with ND 1.05 and 1.41 cm (Figure 6(a)). How-
ever, a considerable increase in the vortex height is
observed with an increase in the DT from 30 to
90 seconds for the experiments conducted with bigger
ND, 1.77 and 2.14 cm. Figure 6(b) shows that the
vortex height is less influenced by the initial LH for all
the experiments conducted in the present study. It is
evident from Figure 6(c) that the FR also shows similar
behavior as that of the DT; i.e., the influence of the FR
on the vortex height is negligible for the experiments
conducted with smaller NDs, while the FR influences
the vortex height marginally for the bigger NDs of 1.77
and 2.14 cm. The variation of the vortex height as a

function of the ND is shown in Figure 6(d). Figure 6(d)
demonstrates a significant increase in the vortex height
with an increase in the ND from 1.05 to 2.14 cm.
Therefore, parametric analysis of the tapping process

confirmed that the threshold height for vortex formation
is strongly influenced by the ND. However, the marginal
influence of the FR and DT on vortex formation only
becomes significant at bigger NDs (1.77 and 2.14 cm).
The average standard deviation for the data points of
three trial experiments are given in the right side bottom
corner of the figures as ±x.

D. Effect of Parameters on Critical Height for Drain
Sink Formation

Figure 7 shows the effect of various parameters (e.g.,
FR, DT, LH, and ND) on the critical liquid height (LH)
for drain sink (drain height) formation. It is observed
that drain height is not significantly affected by the DT
for the experiments conducted with different NDs for
the constant FR of 20 lpm, as shown in Figure 7(a). It is
also noted that the drain height is not influenced by the
initial LH for all the experiments conducted with a
constant FR of 40 lpm (Figure 7(b)). Variation of the
drain height with the initial filling FR also does not
show any significant effect (Figure 7(c)). It is also
observed that the variation of the drain height gradually
decreases as the FR increases from 30 to 40 lpm for
bigger NDs (2.14 cm). Variation of the drain height with

Fig. 5—Influence of (a) and (b) ND, (c) DT, and (d) initial filling FR on drain curves during the tapping process.
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different NDs for the experiments conducted with
constant initial filling FR of 30 lpm is shown in
Figure 7(d). A significant increase in the drain height
with an increase in the ND from 1.05 to 2.14 cm can be
observed from the figure. Therefore, it is concluded that
the critical height for drain sink formation is strongly
influenced by the ND and slightly influenced by the FR
with bigger ND (2.14 cm).

E. Effect of Parameters on Yield Loss

Yield loss was estimated based on the amount of
water left in the BOF vessel after the tapping process.
The variation of the yield loss as a function of different
process parameters is represented in Figure 8. Fig-
ure 8(a) depicts that the yield loss is not affected by
the DT for the experiments conducted with different
NDs at the constant initial FR of 30 lpm. Figure 8(b)
shows that the yield loss is significantly influenced by the
initial LH for all the experiments conducted with the

constant initial water filling FR of 20 lpm. Figure 8(c)
depicts that the yield loss is not influenced by the FR.
Figure 8(d) represents the variation of yield loss with
different NDs, and a substantial increase in yield loss
with the increase in ND is observed. Therefore, para-
metric analysis of the tapping process confirms that
yield loss is strongly influenced by the ND and LH and
not generally by the DT and FR.

F. Effect of Different Oils on the Tapping Process

In order to understand the effect of overlying phase
(oil) on vortex and drain sink events during the tapping
process, a set of water-oil experiments were also
conducted with constant LHs (water: 13 cm and oil:
1 cm), constant FRs (20 lpm), and constant DTs
(60 seconds) for different NDs. Experiments were per-
formed with different types of oils including coconut oil,
mustard oil, and petroleum ether. Variation of the
critical height for vortex and drain sink formation with

Fig. 6—Influence of (a) DT, (b) initial LH, (c) initial filling FR, and (d) ND on critical LH for vortex formation (vortex height). The numerical
value on the right bottom corner of the figure represent the average standard deviation for all experimental data in the figure. Each experimental
data represents the average value of three experimental trials.
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variation of the ND in the presence of different
overlying phases is represented in Figures 9(a) and (b),
respectively. The figures show that the vortex and drain
height increase with an increase in the ND for all the
experiments conducted with and without oils. It is also
observed that the critical height for vortex formation
marginally decreases for the experiments conducted with
oil (except ND 1.05 cm) in comparison to the experi-
ments conducted without oil. However, the critical
height for drain sink formation is greater for the
experiments conducted with oils than those without
oil. The variation of yield loss with different NDs for the
constant FR of 20 lpm and DT of 90 seconds is shown
in Figure 9(c). It was observed that the yield loss
increases with the increase in ND from 1.05 to 2.14 cm
when mustard oil and coconut oil are considered as
overlying phases. However, an inconsistent trend was
observed for the petroleum ether. The regular trend in
the variation of yield loss for different types of oil for
single ND was not observed. The oil (slag) carryover
ratio (COR) is defined as the ratio of the amount of oil

carried over to the amount of water tapped during the
tapping process. The variation of the COR with the
different types of oils for the oil-water experiments using
different NDs is shown in Figure 9(d). The COR is
observed to be high for the experiments conducted with
coconut oil as an overlying phase, except for the
experiment conducted using an ND of 1.41 cm. In the
case of ND 1.41 cm, the COR is maximum for the
experiment conducted with petroleum ether as an
overlying phase. Inconsistency in the yield loss and
COR observed for the experiments conducted with
petroleum ether as an overlying phase may be attributed
to uncertainty in visual identification of oil carryover
during tapping experiments because both petroleum
ether and water are the same color.
In another set of water-oil experiments, the effect of

thickness (amount) of oil phase on the tapping process
was studied. The experiments were conducted with a
fixed total initial liquid (oil + water) height of 14 cm
with the variation of oil height (oil: 0.5, 1, and 1.5 cm)
for the constant FR of 20 lpm and DT of 60 seconds.

Fig. 7—Influence of (a) DT, (b) initial LH, (c) initial filling FR, and (d) ND on critical LH for drain sink formation (drain height). The
numerical value on the right bottom corner of the figure represent the average standard deviation for all experimental data in the figure. Each
experimental data represents the average value of three experimental trials.
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Due to the difficulty in conducting experiments with
petroleum ether, this set of experiments were conducted
with coconut oil and mustard oil as overlying phases for
two different NDs of 1.41 and 2.14 cm. Variation of the
vortex height with the amount of oils for different NDs
is represented in Figure 10(a). The figure shows an
increase in vortex height with an increase in oil layer
thickness and ND.

Figure 10(b) depicts the increasing trend for drain
height with the increase in initial oil height for both the
NDs. Figure 10(c) reveals that yield loss is significantly
high for the experiments conducted with ND of 2.14 cm
for the different amounts of oil in comparison with ND
1.41 cm. It is also noticed that the lowest yield loss is
observed for the experiments conducted with varying
amounts of coconut oil for a single ND. The variation of
the COR with oil thickness for two different oils as the
overlying phase is shown in Figure 10(d). The COR
generally increases with an increase in the amount of oil
except for the experiment conducted with ND 2.14 cm
and coconut oil as an overlying phase.

IV. DISCUSSION

A. Science Behind Vortex Formation in BOF Vessel

Several investigations[10,12–15] reported in the litera-
ture provide understanding of the vortex dynamics in
the ladle during the liquid steel teeming operation based
on the results of the cold model and mathematical
models. It is confirmed[8,12] that initiation of the vortex
during the draining process is mainly governed by the
residual motion that exists in the liquids. It is inferred
that the residual rotational motion that prevails in
draining liquids accelerates to attain the vortex.[14,15] In
the case of higher ND, the rate of outflow is higher and
the discharge rate is higher, which delays vortex
formation (lowers the vortex height) in the ladle
draining operation.[14] Most of these studies were
conducted using a vessel with a constant cross-sectional
area, which is more likely to resemble the teeming
process. In order to verify the existing knowledge for the
BOF tapping process, a geometrical down-scaled semi-
BOF cold model is fabricated to simulate the industrial

Fig. 8—Influence of (a) DT, (b) initial LH, (c) initial filling FR, and (d) ND on critical LH yield loss during the tapping process. The numerical
value on the right bottom corner of the figure represent the average standard deviation for all experimental data in the figure. Each experimental
data represents the average value of three experimental trials.
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liquid steel transfer operation. Some of the factors
expected to change the vortex behavior in the BOF
vessel in comparison to the ladle during the liquid steel
transfer process are as follows.

1. The cross-sectional area of the BOF vessel varies with
the LH; however, the ladle has an almost constant
cross-sectional area during the transfer of liquid steel.

2. The nozzle is placed either at the center or eccentric
position in the ladle. The increase in the eccentricity
of the nozzle position decreases the critical height for
vortex formation due to the extra time taken to align
the vortex rotational axis to the exit nozzle axis.[3,12]

It is also observed that vortex formation is com-
pletely suppressed while placing the nozzle close to
the ladle wall. However, in the BOF vessel, the nozzle
is placed in the midplane shared by the cylinder and
cone portion of the vessel.

3. The ferrostatic liquid head in the ladle will be higher
than the BOF vessel; hence, the rate at which the LH
decreases will be lesser in the BOF vessel than the
ladle for the same quantity of liquid and constant
ND.

4. The height-to-diameter ratio is different for the ladle
and BOF vessel in the tapping position.

In this investigation, the combined effect of variable
filling FR and DT is expected to provide the different
magnitudes of residual motion in the liquid before the
start of the tapping experiments.[1,3] To simulate the
increase in the tap hole diameter due to the erosion of
refractories in plant practice, experiments were also
performed with different NDs. An increase in ND
increases the vortex height (refer to Figures 6(d) and
7(d)) as it accelerates the rotational velocity to a
critical value sooner than the rate of discharge in the
BOF vessel. This observation is in agreement with the
findings of researchers[14,15] for some of the conditions
during the teeming process. However, the decrease in
vortex height with the increase in initial filling FR and
the decrease in DT for higher ND contradict the
earlier reports.[13–15] This difference in observation
could be due primarily to the effect of a higher
height-to-diameter ratio of the BOF vessel h

d ¼ 4
� �

and
the complex shape of the BOF vessel in comparison
with the vessel having a constant cross-sectional-like

Fig. 9—Influence of overlying phase (oil) on (a) vortex height, (b) drain sink, (c) yield loss, and (d) COR. The numerical value on the right
bottom corner of the figure represent the average standard deviation for all experimental data in the figure. Each experimental data represents
the average value of two experimental trials.
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ladle h
d � 2
� �

. In the case of the BOF vessel, the liquid
also has to transfer from the rear end of the vessel to
the tap hole zone in addition to the rotational velocity
for vortex formation. Therefore, horizontal volume
transfer (horizontal arrow in Figure 11) is also
expected in addition to the vertical volume transfer
(vertical arrow in Figure 11) in the vicinity of the tap
hole. This horizontal movement of liquids from the
rear end of the vessel is expected to prevent the full
vortex establishment during tapping, as it generates
fluid flow in the direction perpendicular to the
discharge direction. The contradictory observation
related to vortex formation in the present case (refer
to Figures 6(a), (c) and 7(a), (c)) for higher FR and
lower DT is attributed to the delay in angular
momentum transfer (acceleration of rotational veloc-
ity) due to the combined effect of residual motion and
horizontal volume transfer. Therefore, the present
investigation clearly demonstrates the shape effect of
the draining vessel on the occurrence of drain vortices
during the liquid steel transfer process.

B. Dimensional Analysis

Many researchers[3,8,10,12,14,15] developed correlations
among various process parameters for predicting the
onset of vortex events during the liquid steel draining
processes. Investigators have also developed mathemat-
ical correlations for vortex formation in nonmetallurgi-
cal applications.[37–41] However, almost all those studies
were conducted using a vessel with the constant
cross-sectional area, which differs from the design
requirements for the BOF vessel. The observations in
this study contrary to the available literature indicate
that the occurrence of vortex formation during draining
experiments in a rectangular or circular constant
cross-sectional vessel would not simulate the actual
condition during the BOF tapping process. Hence, an
attempt has been made to develop new correlations
among various parameters for estimation of vortex
height, drain sink height, and yield loss during the BOF
tapping process based on the dimensional analysis.
The critical height for vortex formation in the BOF

vessel depends on the following parameters:

Fig. 10—Influence of amount of overlying phase (oil) on (a) vortex height, (b) drain sink, (c) yield loss, and (d) COR. The numerical value on
the right bottom corner of the figure represent the average standard deviation for all experimental data in the figure. Each experimental data
represents the average value of two experimental trials.
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Hv ¼ f Hi; d;D;V; g; l; q; tð Þ; ½1�

where d is the nozzle/tap hole diameter; D is the char-
acteristic length of the BOF vessel (length of liquid to
travel from the rear end to the tap hole); Hi is the ini-
tial LH; V is the filling velocity (radius of the axial
inlet filling pipe is 1.54 cm); g is the acceleration due
to gravity; and l and q are the dynamic viscosity and
density of water at room temperature, respectively.
Following the procedure of the Buckingham p theo-
rem, various p numbers were identified.

p1 ¼
Hv

Hi

� �
; p2 ¼

d

Hi

� �

p3 ¼
D

Hi

� �
; p4 ¼

qV0Hi

l

� �

p5 ¼
gt2

Hi

� �
; p6 ¼

V2

gHi

� �
;

where V0 ¼
ffiffiffiffiffiffiffiffiffiffi
2gHi

p
is the initial drain velocity as soon

as the tap hole is opened. Among the preceding dimen-
sionless groups, p1 is the dimensionless dependent vari-

able; p2
p3

� �
¼ d

D

� �
is the geometrical scale down

parameter; p4 is the Reynolds number (Re); p5 is the
nondimensional acceleration ratio governed by gravity,
initial liquid head, and waiting time; and p6 is the
Froude number (Fr). The correlation for the predic-
tion of the critical height for vortex formation is
obtained as follows:

Hv

Hi

� �
¼ 4:4

d

D

� �1:79

Frð Þ�0:05 1

Re

� �0:63
Hi

gt2

� ��0:07

� 105:

½2�
The coefficients are estimated by multivariable linear

regression analysis based on the least-squares method[42]

using the experimental data.
The correlation for the prediction of the critical height

for drain sink formation is estimated as follows:

Hd

Hi

� �
¼ 8:8

d

D

� �1:21

Frð Þ�0:02 1

Re

� �0:69
Hi

gt2

� ��0:001

� 105:

½3�
To obtain the correlation for yield loss, the following

parameters are considered:

W ¼ f w; d;Hi;Q; t; gð Þ ½4�

where W is the weight of water remaining in the vessel
after drain sink appears during the tapping process, w
is the weight of water tapped into the collecting bath,
Q is the initial filling FR (kg/s), and t is the waiting
time. The following correlation is obtained for yield
loss measurement:

W

w

� �
¼ 1:09

Hi

d

� �1:70
Q

ffiffiffiffiffiffi
Hi

p

w
ffiffiffi
g

p
� ��0:09

Hi

gt2

� �0:016

: ½5�

The variations of the estimated values of Hv

Hi

� �
, Hd

Hi

� �
,

and W
w

� �
using the dimensionless correlations in com-

parison with the results of the experiments are repre-
sented in Figures 12(a) through (c), respectively. All the
figures clearly reveal that the estimated values corrob-
orate well with the results of the water modeling
experiments.
Similar correlations for vortex height and drain height

have been obtained for water-oil experiments. The
parameters considered for such correlations are given
as follows:

H0
vðorÞH0

d ¼ f Hi;Hs; d;D; g;Dl;Dq;Drð Þ; ½6�

where HS is the thickness of oil and Dl, Dr, and Dq
are the difference in dynamic viscosity, surface tension,
and density between water and oil, respectively. The
initial filling FR and waiting time are maintained con-
stant for all the water-oil experiments. The physical
properties of the oils and water used in the calculation
are given in Table II.[43,44]

Correlation for estimation of the critical LH for
vortex formation in the presence of the oil phase is
derived as

Fig. 11—(a) Sectional view of the tapping process and (b)
representation of swirling motion, vertical, and horizontal volume
transfer (indicated as an arrow) generated during the tapping
process.
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H0
v

Hs

� �
¼ 154

d

D

� �0:77 Dr

H2
i gDq

� �0:41 Dc

Hi

ffiffiffiffiffiffiffiffi
gHi

p
� ��0:08

: ½7�

Similarly, the critical LH for drain sink in the
presence of the oil phase is derived as

H0
d

Hs

� �
¼ 36:5

d

D

� �0:43 Dr

H2
i gDq

� �0:34 Dc

Hi

ffiffiffiffiffiffiffiffi
gHi

p
� ��0:04

:

½8�

Here Dc is the difference in kinematic viscosity of
water and oil. The variations of predicted values of
H0

v

Hs

� �
and

H0
d

Hs

� �
using the aforementioned dimensionless

correlations with the results of water-oil experiments
are represented in Figures 13(a) and (b). It is evident
from the figure that the derived equations are in good
agreement and capable of satisfactorily predicting the
results of water modeling experiments. Therefore, the
aforementioned correlations can be used for estimation
of the critical height for the vortex and drain sink dur-
ing the BOF taping process in the presence of the
overlying phase. Based on the reported[12] hydrody-
namic principles for ladle teeming, the formation of
the vortex and drain sink during draining phenomena
are generally not influenced by the physical properties
of Newtonian fluid. Many researchers[8,12–15] pointed

out that the initial condition (residual motion/tangen-
tial velocity) of liquid before the draining process from
the teeming ladle has a major influence on vortex and
drain sink formation. However, parameters, such as
ND and initial LH, are independent of the initial con-
dition of liquid and they have their own influence on
vortex formation. This investigation has shed light on
the influence of ND, initial LH, filling FR, and waiting
time in the BOF vessel on vortex and drain sink for-
mation using the BOF water model setup. The
assumption of residual motion in the liquid controlled
by the variable initial filling FR and DT (instead of
supersonic jet, tilting, etc.) becomes the limitation of
the present work.

C. Modified Empirical Correlation for Estimation
of Slag Carryover in the Plant

An attempt was also made to predict the COR in the
presence of the oil/slag phase in water modeling
experiments. However, the successful estimation of the
COR for water-oil experiments was not obtained due to
the lesser number of such experiments. For estimation of
the COR for plant data, a modified correlation was
obtained using some relevant dimensionless numbers
developed by Ashok et al.[51] to predict the excess
oxygen input into the ladle during tapping. The final
empirical relationship is obtained as

Fig. 12—Variation of predicted results with the experimental values: (a) vortex height, (b) drain height, and (c) yield loss for the experiments
conducted without oil.
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Ws

wm

� �
¼ � 0:0179 Tð ÞFþ105:82 � 106

lsffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wmDqg

p
� �

þ 2405
rs�m

w
2=3
m gDq1=3

 !

þ 0:0076ðDÞF� 0:0064;

½9�

where Ws

wm

� �
= COR, Ws = weight of overlying phase

(slag) carried over into the transfer ladle, wm = weight
of underlying phase tapped during the tapping process,
(T)F = temperature factor, and (D)F = deoxidation

factor. The COR for the plant data collected from an
integrated steel plant was estimated by mass balance
and using the equilibrium module in FactSage 6.4.[54]

It is known that the slag composition and temperature
have a strong influence on both the kinematic viscosity
and surface tension of the slag.[45–47] The surface ten-
sion of liquid steel is also influenced by impurities such
as carbon, sulfur, nitrogen, and oxygen.[48–50] The
slag-metal interfacial tension (rs-m) was calculated
based on the method described by Mills[52]:

rs�m ¼ rm þ rs � 2uðrm � rsÞ0:5; ½10�

where rm and rs are the surface tension of the liquid
steel and slag, respectively, and u is an interaction
coefficient. The surface tension of liquid steel at tap-
ping temperature was calculated using the method pro-
posed by Keisuke et al.:[48]

rm ¼ 1925� 0:455ðT� 1808Þ � 0:155T ln

�
1

þ 10�0:17WO�0:427WCWO exp
2:93� 104

T
� 10:9

� ��
;

½11�

where WC and WO are the weight percent carbon and
oxygen in the liquid steel, respectively. The surface ten-
sion of slag rs and the interaction coefficient u for
FeO-rich BOF slag were estimated using the following
equations[52]:

rs ¼
X

Xiri ¼
X

X1r1 þ X2r2 þ X3r3 þ � � � ½12�

u ¼ 0:5þ 0:3XFeO ½13�

where Xi denotes the mole fraction of various slag con-
stituents and ri is the surface tension of the pure
components.[52]

Kinematic viscosity of slag, cs ¼ ls
qs
, is estimated by

calculating the ls using the viscosity module in FactSage
and qs by the method postulated by Milles.[52] The
physical properties of crude steel and BOF slag used in
the calculation are also given in Table II. The estimated

Table II. Physical Properties of Water, Oil,[43,44] Liquid Steel, and Slag[54]

Solution
Number Liquid

Density
(kg/m3)

Viscosity
(kg/ms)

Kinematic
Viscosity (m2/s)

Surface Tension at the Liquid-
Liquid Interface (N/m) Grade/Purity*

1 water 1000 0.0009125 9 9 10�7 — raw water
2 coconut oil 825 0.0229 3 9 10�5 0.023 edible oil/99.9
3 mustard oil 875 0.07 8 9 10�5 0.052 edible oil/99.75
4 petroleum ether 625 0.00038 6 9 10�7 0.051 make rankem/99.97
5 liquid steel 7800 0.0077 9 9 10�7 — —
6 BOF slag** 2493 ± 0.5 0.25 ± 0.03 1 9 10�4 0.954 ± 0.042** —

*Purity: Based on volatile and insoluble contents (Fe, Cu, Pb, etc.).
**Average of the estimated values for the plant data studied.

Fig. 13—Variation of predicted results with the experimental values:
(a) vortex height and (b) drain height for the experiments conducted
with oil.
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physical properties of liquid steel and slag are in good
agreement with the reported values.[46–49] It is apparent
from Figure 14 that the COR was predicted satisfacto-
rily by the preceding equation for the plant data.

In the present study, different oils were studied to
simulate the variation of physical properties of the slag
at different tapping temperatures and slag compositions,
especially the surface tension at the slag-liquid steel
interface that varies noticeably. Table II tabulates the
various physical properties of different oils and slags.
The kinematic viscosities of mustard oil (0.00008 m2/s)
and coconut oil (0.00003 m2/s) are comparable to that
of the BOF slag (0.0001 m2/s), satisfying the dynamic
similarity criterion for these oils to be used as low-tem-
perature analogues for slag. The interfacial tension of
steelmaking BOF slags varies in the range of 0.9 to
1.0 N/m.[46–49] The low value of interfacial tension for
the slag/liquid steel interface is attributed to the high
value of u(refer to Eq. [13]) due to the presence of higher
FeO in the BOF slag. Petroleum ether and mustard oil
used in the water modeling experiments possessed
almost similar interfacial tension with water, which
was higher than that of the coconut oil. Peranandhan-
than and Mazumdar[53] highlighted the influence of the
interfacial tension on smaller scale phenomena, such as
bubble size, shape, and free surface perturbations, in
steelmaking operations. It is expected that the entrap-
ment of the overlying phase during vortex formation
will be enhanced with a decrease in interfacial tension, as
observed in the case of coconut oil (refer to Figure 9(d)).
It may be observed that slag viscosity is about one order
of magnitude higher than the low-temperature analogue,
which may be attributed to the presence of several solid
phases in varying amounts in the liquid steel. The oils
used in the present water-oil experiments also varied in
viscosity to note the effect of viscosity on the vortex
formation, and cold model experiments revealed no
significant changes in the critical height for vortex
formation (refer to Figures 9(a) and 10(a)) for different
oils with varying viscosity. Contrary to our observation,
the trend of decreasing critical height for vortex forma-
tion with an increase in the viscosity of oils was reported
by Koria and Umakanth[14] in the experiments con-
ducted in a constant cross-sectional area tank (ladle).
Therefore, the difference in vorticity dynamics in the

presence of the overlying phase during the BOF tapping
process in comparison with the studies carried out in the
constant cross-sectional area tank by the other research-
ers is also confirmed in this investigation. Equation [9],
proposed for estimation of the COR in the plant, did not
involve the design parameters and the process param-
eters that determine the initial liquid condition. It could
be concluded that the onset of the vortex during the
BOF tapping process could be principally controlled by
vessel design and initial liquid conditions and that the
COR is apparently influenced by the physicochemical
aspects/properties of fluids and the process.

D. Mathematical Formulation of the Tapping Process

For the application of the present research work in
the industry tapping process, an attempt is made to
estimate the time for the critical height of vortex
formation based on the macroscopic energy and mass
balance approach. This will allow the operator to get an
idea of the expected time for vortex formation so that
necessary preventive action can be taken to control the
slag carryover during the tapping process. The detailed
derivation is given in the Appendix, and the instanta-
neous time for the various LHs in the BOF vessel during
the tapping process can be represented as

t ¼ 4

3Cdao
ffiffiffiffiffi
2g

p 2R�Hð Þ3=2 Dþ 2L

15R
4Rþ 3Hð Þ

� �	 
H2

H1

;

½14�

where R is the maximum height of liquid that can be
filled in the BOF vessel in the tapping position, D is
the distance from the rear end of the BOF vessel to
the nozzle, H is the instantaneous LH in the LD ves-
sel, Cd is the discharge coefficient, ao is the cross-sec-
tional area of the nozzle, and g is the acceleration due
to gravity. The discharge coefficient Cd used in the cal-
culation is 0.61, as the fabricated nozzles had sharp
boundaries.[55] The critical time for vortex (tv) and
drain sink (td) formation during tapping of water from
the BOF vessel can be estimated by substituting H2 as
Hv and Hd, respectively. The estimated values of tv
and td corroborate well with the results of the water
modeling experiments, as represented in Figures 15(a)
and (b), respectively.

E. Industry Implication of the Present Study

In industrial steelmaking practice, slag carryover is
generally controlled by employing IR imaging or slag
cut-off devices (DART).As each of these technologies has
its own limitation in arresting the carryover slag during
tapping, a methodology to control the slag carryover
without employing any external device is suggested by the
present investigators based on the understanding devel-
oped using water modeling experiments.
Parametric analysis on vortex formation reveals that

liquid movement generated perpendicularly to the
descending direction of the LH in the BOF vessel resists
or delays the vortex formation during the tapping

Fig. 14—Validation of COR predicted by the modified empirical
equation with the FactSage estimated COR for the plant data.[53]
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process. If the velocity of the liquid in the horizontal
direction (Vh) is greater than the outflow velocity (Vout),
it will break the vortex that exists vertically. It is
important to note that the threshold velocity (Vh)
requiring breaking of the existing vortex also decreases
with time as Vh> Vout ¼

ffiffiffiffiffiffiffiffiffi
2gH

p
ð Þ, where H denotes the

instantaneous height of liquid steel. Figure 16 illustrates
the application of this phenomenon to control slag
carryover during the tapping process. During tapping
experiments, it was observed that the vortex appeared
right above the nozzle (perfect-vortex, shown in Fig-
ure 16(a)) or at off-center position (off-vortex, shown in
Figure 16(b)) of the nozzle and extended toward the
nozzle axis in the direction of outflow. In the present
study, the critical time for vortex formation can be
estimated using Eq. [14]. Once the critical time is known
to the operator, tilt front or tilt back operation can be
carried out to minimize the slag carryover. During this
action, the axis of vortex rotation shifts from the nozzle
exit axis and the vortex becomes unstable, as shown in
Figures 16(c) and (d). It should be noted that applica-
tion of tilt front or tilt back operation of the LD vessel
generates bulk liquid motion in the direction perpendic-
ular to the descending direction of the LH (indicated as
wavy flow lines in Figures 16(c) and (d)). The vortex
interaction volume in the liquid near the tap hole is
small compared to the horizontal bulk liquid transfer
from the rear end of the BOF vessel. Therefore, the
stability of the vortex is disturbed by the horizontal bulk

flow. It results in delayed vortex formation, as observed
for higher filling FR and lower DT (refer to Figure 6(c))
in the water model experiments. The similar observation
is also reported by Kojola et al.[8] in an inclined and
cone bottom ladle to enhance the yield during the liquid
steel teeming process. Based on the preceding discus-
sion, it can be stated that slag carryover during tapping
can be minimized by controlling tilt back or tilt front
operation without using any external devices, once the
critical time for vortex formation is known.
It is important to note that some level of turbulence in

the vessel is expected due to tilt front or tilt back
operation, which may result in slag entrainment and
wear of refractories away from the vortex region.
However, it is also expected that the cosplashing or
coating of the BOF slag on the furnace wall due to the
turbulence generated during induced tilting will protect
the furnace refractories. To break the vortex toward the
end of the tapping process, a minimal amount of tilting
may be sufficient to generate induced flow in the
horizontal direction. This is mainly due to the smaller
threshold horizontal velocity (to break the vortex)
required with the decrease in the LH during tapping,
as discussed earlier. Further investigation in this direc-
tion is required to optimize the extent of the induced
tilting operation for the tapping process.

V. CONCLUSIONS

In the present investigation, the BOF tapping process
is simulated using a geometrical down-scaled Perspex
semi-BOF cold model. This investigation brought out
the influence of complex BOF shape on drain vortices
during liquid steel tapping from the BOF vessel in
comparison with the ladle teeming operations. The
salient points that emerged out of the present investi-
gation are as follows.

1. Drain curve analysis reveals that the initial water
filling FR and DT of liquid steel in the vessel before
tapping have negligible influence on the drain curves.

2. The tap hole diameter strongly influences the critical
LH for vortex and drain sink formation as well as
yield loss during tapping. The FR and DT also
influence the vortex height only when the ND is
higher.

3. The presence of the overlying phase decreases the
critical height for vortex (except ND 1.05 cm) for-
mation. However, it increases the critical height for
drain sink formation. Vortex height, drain sink
height, and yield loss increase with the increase in the
amount of overlying phase. Yield loss during the
tapping process increases with the increase in tap hole
diameter with and without the overlying phase.

4. The correlations for prediction of critical heights for
vortex and drain sink formation during the tapping
process were successfully established based on the
dimensional analysis by considering the presence and
absence of the overlying phase.

5. Dimensionless correlation for the slag COR (defined
as the ratio of the amount of slag carryover to the

Fig. 15—Variation of predicted results with the experimental values:
(a) vortex time and (b) drain sink time for the experiments
conducted without oil.
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amount of liquid steel tapped during tapping) has
also been developed for application to industrial
data. The predicted COR is found to be in agreement
with the estimated slag COR for industrial practice,
which has been obtained based on the mass balance
approach using FactSage simulation for the plant
data. It is concluded that the onset of vortex during
the tapping process is primarily influenced by the
vessel design; however, the amount of slag carryover
is influenced by the physicochemical properties of
slag.

6. Based on the study, it is inferred that slag carryover
during the tapping process can be minimized by
controlling tilt back or tilt front operation without
using any external devices, once the critical time for
vortex formation is known.

APPENDIX

The BOF vessel in the tapping position is divided into
two parts: (1) a horizontal cylindrical portion and (2) a
conical portion. A tap hole is located in the midplane
joining the horizontal cylinder and the cone of the
vessel. It should be noted that the cross-sectional area of

Fig. 16—Strategy to control slag carryover during the industrial tapping process: (a) perfect vortex and (b) off-vortex, vortex breaking by (c) tilt
front and (d) tilt back operation.

cFig. A1—Detailing of the BOF tapping process for mathematical
formulation: (a) variable cross section from the top view (indicated
as dashed lines of difference thickness), (b) detailing along the
cylinder-cone joining plane to solve for the variable cross-sectional
area of the cylinder portion, and (c) detailing along the plane MNO
to solve for the variable cross-sectional area of the cone portion.
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the BOF vessel in the tapping position (A) will decrease
with a decrease in LH, as indicated by the dashed lines
in the variable thickness in Figure A1(a). Therefore, the
total cross-sectional area (A) of the BOF vessel in the
tapping position can be calculated by the addition of the
cross-sectional area of the cylinder (Acy) and cone (Aco):

A ¼ Acy þ Aco ½A1�

Solving for the plane that connects the cylinder and
cone represented in Figure A1(b), the cross-sectional
area of the tank in the cylinder portion can be derived as

Acy ¼ 2D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2RH�H2

p
½A2�

where R is the maximum height of liquid that can be
filled in the LD vessel in the tapping position, D is the
distance from the rear end of the LD vessel to the noz-
zle, and H is the instantaneous LH in the LD vessel.

The cross-sectional area of the cone portion of BOF
vessel in the tapping position is a parabola, as shown in
Figure A1(a). The area of a paraboloid for the cone
portion can be represented as

Aco ¼ 2

3
W1L1; ½A3�

where W1 and L1 are vessel dimensions, as represented
in Figure A1(a). Solving for the triangular plane
MNO, as shown in Figure A1(c), which intersects the
midplane perpendicularly, the area of the paraboloid
can be rewritten as

Aco ¼ 2

3
W1L1 ¼

4

3
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2RH�H2

p� �HL

R
: ½A4�

The rate of change of liquid volume in BOF vessel
equals the rate of outflow through the tap hole.
Therefore, the volumetric FR (q) through the tap hole
can be represented as

q ¼ Cdao
ffiffiffiffiffiffiffiffiffi
2gH

p
¼ �A

dH

dt
½A5�

Z t

0

dt ¼ �1

Cdao
ffiffiffiffiffi
2g

p
ZH2

H1

A
ffiffiffiffi
H

p dH; ½A6�

where Cd is the discharge coefficient, ao is the
cross-sectional area of the nozzle, and g is the accelera-
tion due to gravity. Substituting A = Acy+Aco in
Eq. [A6],

Z t

0

dt ¼ �1

Cdao
ffiffiffiffiffi
2g

p

ZH2

H1

2D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2RH�H2

p
þ 4

3 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2RH�H2

p� �
HL
R

� �

ffiffiffiffi
H

p dH:

½A7�

After deducing, instantaneous time (t) for various
LHs can be represented as

t ¼ 4

3Cdao
ffiffiffiffiffi
2g

p 2R�Hð Þ3=2 Dþ 2L

15R
4Rþ 3Hð Þ

� �	 
H2

H1

:

½A8�
The BOF vessel constants, D, L and R, used in

Eq. [A8] are shown in Figure A1.

NOMENCLATURE

Hi(LH) Initial liquid height (m)
d(ND) Nozzle/tap hole diameter (m)
Q(FR) Initial water filling flow rate (lpm/kg s�1)
t(DT) Dwell/waiting time (s)
COR Carryover ratio (—)
Hv Critical LH for vortex formation (m)
Hd Critical LH for drain sink formation (m)
wm Weight of water/liquid steel tapped during

tapping (kg)
Ws Weight of oil/slag carried over during

tapping (kg)
D Distance from rear end of LD vessel to the

tap hole (m)
V Initial water filling velocity (m s�1)
H Instantaneous LH in LD vessel during

tapping (m)
g Acceleration due to gravity (m2 s�1)
q Density (kg m�3)
l Dynamic viscosity (kg m�1 s�1)
r Surface tension (N m�1)
c Kinematic viscosity (m2 s�1)
rs–m Interfacial tension of liquid steel and slag

(N m�1)
Cd Discharge coefficient (—)
ao Cross-sectional area of tap hole/nozzle (m2)
Fr Froude number (—)
Re Reynolds number (—)
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