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Abstract 
 
This thesis work aimed at increasing the knowledge regarding phenomena 
occurring when gas is injected using a top-blown lance on to a bath. All results are 
based on physical modeling studies carried out both using low and high gas flow 
rates and nozzle diameters ranging from 0.8 mm to 3.0 mm. At the low gas flow 
rates, the penetration depth in the bath was studied. The experiments focused on 
studying the effect of nozzle diameter, lance height and gas flow rate on the 
penetration depth. It was found that the penetration depth increases with 
decreasing nozzle diameter, decreasing lance height and with increasing gas flow 
rate. The results were also compared with previous work. More specifically, it was 
studied how the previous published empirical relationships fitted the current 
experimental data. It was found that the relationships of Banks [1], Davenport [2], 
Chatterjee [3] and Qian [4] agreed well with the experimental data of this 
investigation for nozzle diameters of 2.0 mm and 3.0 mm. However, for smaller 
nozzle diameters there were considerable deviations. Therefore, a new correlation 
heuristically derived from energy conservation consideration was suggested and 
showed better agreement for small nozzle diameters. 
 
The experiments carried out at higher gas flow rates focused on the study of swirl 
motion. The effects of nozzle diameter, lance height, gas flow rate and aspect ratio 
on the swirl motion were investigated. The amplitude and period of the swirl as 
well as the starting time and the damping time of the swirl were determined. The 
amplitude was found to increase with an increased nozzle diameter and gas flow 
rate, while the period had a constant value of about 0.5 s for all nozzle diameters, 
gas flow rates and lance heights. The starting time for the swirl motion was found 
to decrease with an increased gas flow, while the damping time was found to be 
independent of gas flow rate, nozzle diameter, lance height and ratio of depth to 
diameter. 
 
 
Keywords:  physical modelling, top blown converters, lances, blowing, 

penetration, swirl 
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1. Introduction 
Many processes in the steelmaking industry use gas injection into the molten 
metal. One example is the LD-process where oxygen is injected through a lance 
from the top of the converter down into the molten metal in order to oxidize the 
carbon in the hot metal. In BOF steelmaking, jet penetration into steel has always 
been of keen interest to steelmakers, partly because it is believed to influence 
phenomena like slopping and foaming, and partly because it is believed to guide 
the steelmaking reactions’ rate by controlling oxygen entrainment into the metal. 
 
For over 50 years researchers has studied the jet penetration with the aims, for 
example, to be able to control the LD-process, to be able to reduce the blowing 
times and to minimize phenomena such as slopping. However, the LD-process is 
a difficult process to study since it has unstable conditions occurring at very high 
temperatures. This is one of the reasons why many researchers use physical 
modeling to try to simulate the LD-process. Even though the chemical reactions 
are not simulated in a water model, it still gives an idea about how the gas behaves 
when it hits the molten bath. 
 
The most common definition of the jet penetration is determined by the shape, 
diameter and depth of the cavity which is created when the gas jet hits the liquid 
bath. A summary of the previous work can be found in Supplement 1.  
 
This thesis work can be divided into two parts. The first part reviews and 
compares previous work on the penetration depth with new experimental results. 
These experiments are carried out during low gas flow rates to receive a fairly 
stable penetration cavity. The effects of nozzle diameter, gas flow rate and lance 
height on the penetration depth are studied based on physical modeling 
experiments. The results are then compared with empirical relationships suggested 
by previous works. In addition, a new correlation is suggested in order to better 
describe the experimental data for small nozzle diameters. 
 
During the study of the penetration depth it was noticed that when increasing the 
gas flow rate the cavity became unstable and started to move in an axisymmetric 
circular motion. When the gas flow rate was increased further, the rotation of the 
cavity became clearer. An experiment with inert gas in a steel melt was made and 
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the same phenomenon was also found there. Figure 1 shows the penetration 
cavity in the steel melt produced with nitrogen gas at a gas flow rate of 68 l/min 
and a lance diameter of 4.5 mm. 
 

 
Figure 1. The penetration cavity in a steel melt 
 
These results lead to another research area regarding the jet penetration, namely 
the swirl motion phenomenon. When gas is injected into a liquid, at a certain gas 
flow rate a rotation of the bath is created. This rotation is called swirl. The swirl 
motion has mainly been studied for bottom blown baths. Previous work on a 
bottom blown model [5] concluded that the mixing time is greatly shortened when 
swirl is present and thus the rates of metallurgical reactions should be enhanced 
accordingly. However, it should be noted that the mechanical erosion of the lining 
in the reactor at the same time could be serious. These results show the 
importance of increasing the knowledge of the swirl motion phenomena. 
 

In the second part of this thesis work a top-blown water model is used to study 
swirl phenomena, since it is very difficult to study swirl phenomena in a steel melt. 
The gas flow rate is increased in order to study what happens at higher gas flow 
rates in general and especially to study if the swirl motion occurs at certain gas 
flow rates. The swirl motion is mainly investigated with respect to amplitude, 
period, starting time and damping time. The swirl motion is studied for different 
settings of nozzle diameter, gas flow rate and lance height. 
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2. Experimental Setup and Procedure 
The experimental work was carried out at two locations. The first part, where the 
penetration depth was studied for low gas flow rates (5 – 70 l/min), was carried 
out at the Royal Institute of Technology in Stockholm, Sweden. The second part, 
where the swirl motion was studied at higher gas flow rates (15 – 90 l/min), was 
carried out at Hokkaido University in Sapporo, Japan. The reason for carrying out 
the second part of the experiments in Sapporo was that equipment to retrieve 
higher gas flow rates was available there. 
All experiments were done during similar conditions. The diameters of the 
cylindrical vessels were 200 mm in both locations and the same type of nozzles 
were used for all experiments. The experimental setup is shown in Figure 2. 
 

D

HL

Nozzle

h

Bottom of nozzle

dni

Water level at rest

Vessel

Lance

air

 
Figure 2. Experimental setup for water model experiments 
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2.1 Procedure of penetration depths experiments 
The experimental procedure regarding the penetration depth measurements was 
aimed to record the penetration depth at different lance heights, nozzle sizes and 
gas flow rates with a digital video camera. The penetration depth was then 
determined with image processing technique. The gas flow rates used were 5 – 70 
l/min. The nozzle diameters investigated were 0.8 mm, 1.0 mm, 1.5 mm, 2.0 mm 
and 3.0 mm. The range of the lance heights were 5 – 20 cm. A more detailed 
description of the experimental procedure can be found in Supplement 1. 
 

2.2 Procedure of swirl motion experiments 
The main objective with the experiments at higher gas flow rates was to find out 
if, and in that case when, the bath starts to rotate in a swirl motion. In order to do 
that, the procedure was to start the gas flow and the time measurement at the 
same time. Thereafter, the penetration depth was approximately determined with a 
ruler mounted on the outside of the vessel. If swirl motion had not occurred after 
three minutes the experiment was stopped and the next gas flow rate was set. If 
the swirl motion did occur, amplitude, period, starting time and damping time 
were measured. The definition of amplitude and period in this study is shown in 
Figure 3. The gas flow rates used in these experiments were 15 – 90 l/min. The 
nozzle diameters used were 1.1 mm, 2.0 mm and 3.0 mm. The investigated lance 
heights were 10, 20, 30 and 40 mm. The experiments were made using two 
different aspect ratios (HL/D) 0.5 and 1.0. The procedure is described more 
detailed in Supplement 2. 
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Figure 3. Definition of amplitude and period during swirl 

3. Results 

3.1 Study of penetration depth and correlation with previous 
work 
 
New data for penetration depths. New experimental data were obtained for 
penetration depths at different lance heights, nozzle diameters and gas flow rates. 
Figure 4 shows how the penetration depth changes with all the three parameters 
mentioned. It is clear that the penetration depth increases with decreasing lance 
height, decreasing nozzle diameter and with increasing gas flow rate. 
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Figure 4. The depth of penetration versus the gas flow rate at two different 

nozzle sizes and two different lance heights 
 
Comparison with previous work. The new experimental data was compared 
with empirical relationships from previous research. In Figure 5, where the 
standard deviation on the experimental data is 0.002 m, the comparison of the 
different equations with experimental data is illustrated. Equation I – X are 
defined in Table 4 in Supplement 1. In Figure 5 it can be seen that the 
experimental data agree very well with predictions when using equations II, IV, VI 
and VIII. The predictions using equations I, III and VII also agree fairly well. 
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Figure 5. Comparison of predicted and measured penetration depth as function 

of gas flow rate for a 2.0 mm nozzle diameter and a 13.9 cm lance 
height 

 
The results were also plotted using dimensionless numbers so as to encompass all 
the results. The dimensionless penetration depth can be defined as 
 

h
H

y j=   (1) 

 
where Hj is the penetration depth and h is the lance height. It is also possible to 
define a jet momentum number as [6]: 
 

3hg
PN
l

Jet ρ
=   (2) 

 
where P is the jet momentum per unit time (P = ( π · ρg · vg2 · dni2 ) / 4), g is the 
acceleration due to gravity and ρl is the density of liquid (water in the present 
study). Figure 6 shows the dimensionless penetration depth plotted as function of 
the jet momentum number. Experimental data for all nozzle diameters are plotted 
along with predictions using the correlations of Qian et al [4] (Eq. No. VIII). It 
was found that the experimental dimensionless penetration depths were higher 
than the predicted data for the nozzles with a smaller diameter than 2.0 mm. It 
was also seen that the disagreement increased with a decreased nozzle diameter. 
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Figure 6. Dimensionless penetration depth as function of jet momentum 

number. Both experimental data and predictions using the relationship 
of Qian et al [4] (Eq. No. VIII) are presented 

 
Development of a new correlation. A new correlation based on a macroscopic 
energy balance was suggested in order to receive an empirical relationship in 
reasonable agreement with data also for smaller nozzle sizes. The correlation can 
be written as: 
 

rKh
K

g
Mh

b

a

−⋅
⋅=∆

2
         (3) 

 
where h is the lance height, r is the inner radius of the nozzle and M is an axial 
momentum of the gas that has just exited the nozzle calculated as follows: 
 

2
ggvM ρ=   (4) 

 
where ρg is the density of the gas i.e., air with a density of 1,293 kg/m3, and vg is 
the velocity of the gas exiting the nozzle calculated as: 
 

2r
Qvg ⋅

=
π

  (5) 
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where Q is the gas flow rate. 
Ka and Kb are determined from the experimental data: 
 
Ka = 5,159E-09 
Kb = 0,01059 
 
In Figure 7 the agreement between predictions and experimental data for a nozzle 
diameter of 0.8 mm is shown for the new correlation (equation (3)). The standard 
deviation for the experimental data is 0.004 m. It is clear that the new correlation 
shows a better agreement with the experimental data at this nozzle size than 
previous relationships. 
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Figure 7. Equation (3) ( New eq.) compared with the experimental data and 

previous work at a lance height of 13.9cm and a nozzle diameter of 
0.8 mm. 

 

3.2 Study of swirl motion 
 

Penetration depth. The penetration depth was estimated for all experiments. The 
results show the same trend as previous experiments, the penetration depth 
increases with decreasing nozzle diameter, decreasing lance height and increasing 
gas flow rate. 



 10

Amplitude and period. In all experiments where swirl occurred the amplitude 
and period were determined. Figure 8 shows the measured amplitude versus the 
gas flow rate at different lance heights and nozzle sizes for an aspect ratio of 0.5. 
The amplitude is seen to increase with an increased gas flow rate. It is also seen 
that the lance height seems to have a minor affect on the amplitude in comparison 
with the gas flow rate. The figure also shows that the values of the amplitudes at a 
specific gas flow rate decrease with an increase in nozzle diameter. Furthermore, it 
can be seen that the maximum gas flow rate at which swirl motion is obtained 
decreases with the diameter of the nozzle. The swirl period was about 0.5 s for all 
three nozzles, both aspect ratios and all considered lance heights. 
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Figure 8. The amplitude as function of the gas flow rate at different lance 

heights for the aspect ratio of 0.5 and the a) 1.1 mm nozzle, b) 2.0 
mm nozzle and c) 3.0 mm nozzle 



 11

 
Starting time for swirl motion. The starting time is the time for the swirl to 
start, measured from the point in time when the gas flow is turned on. Figure 9 
shows measured starting time at aspect ratio 0.5 versus gas flow rate for all 
considered nozzle diameters and lance heights. A trend that can be seen is that the 
starting time decreases with increasing gas flow rate. 
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Figure 9.  Measured starting time for swirl motion as function of gas flow rate 

for all nozzle diameters and lance heights at aspect ratio 0.5 
 
Damping time of swirl motion. The damping time is defined as the time for the 
swirl to stop after the gas flow has been turned off. When the amplitude is less 
than 0.5 mm, the swirl is said to have stopped. Figure 10 shows the damping time 
after swirl motion versus the gas flow rate at aspect ratio 1.0 for all considered 
nozzle diameters and lance heights. It seems that the damping time is fairly 
independent of gas flow rate, nozzle diameter and lance height, which also could 
be seen for aspect ratio 0.5. The damping time varied between 61 and 94 seconds 
for both ratios. The damping time can also be concluded to be independent of the 
aspect ratio. 
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Figure 10. Damping time after swirl motion for all nozzle diameters and lance 

heights at aspect ratio 1.0 

4. Discussion 
The penetration depth was studied in a top-blown water model. During low gas 
flow rates the effects of nozzle diameter, lance height and gas flow rate could be 
investigated on a fairly stable cavity. Many experimental relationships have been 
presented in the open literature for the prediction of the penetration depth. For 
the experiments carried out using nozzle diameters larger than 2.0 mm, four 
relationships (equations II, IV, VI and VIII in Table 4 in Supplement 1) were 
found to give predictions that agreed very well with the current experimental data. 
Attempts were made to obtain a better agreement between predictions and 
experiment using nozzles smaller than 2.0 mm. Initially, a correlation by Qian et al 
[4] was modified based on the experimental data of this study, this is described in 
Supplement 1. This lead to a better agreement between predictions and 
experiments. Later, a macroscopic energy balance was set up to derive a new 
correlation for the penetration depth. This correlation resulted in an even better 
agreement between predictions and experimental data for the smallest nozzle 
diameters. Thus, this approach seems to have the potential to give a more general 
correlation of the penetration depth with different parameters if studied more in-
depth. 
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Figure 11 shows the penetration depth versus the lance height for a nozzle 
diameter of 2.0 mm. The range in lance height for the different experiments can 
be seen. Both results from Supplement 1 and Supplement 2 show that the 
penetration depth decreases with the lance height. 
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Figure 11. The penetration depth versus the lance height for a nozzle diameter of 

2.0 mm 
 
When increasing the gas flow rate the cavity became unstable and started to rotate. 
These results lead to that more experiments were carried out using higher gas flow 
rates and lower lance heights to be able to study the swirl phenomenon. It was 
found that the occurrence of swirl motion depends on the gas flow rate and the 
nozzle diameter.  Both the amplitude and the starting time increases with 
increasing gas flow rate. The amplitude also increases with a decreased nozzle 
diameter. Swirl motion in the LD process is not preferable. It is possible that 
occurrence of swirl motion increases the risk of problems like slopping and 
skulling. It is probably impossible to avoid swirl motion in the LD process. With 
increasing knowledge it is possible to limit the occurrence of swirl and thereby 
decrease the disturbance of the process. 
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5. Conclusions 
The top blown water model has been studied for both low and high gas flow rates, 
and nozzle diameters ranging from 0.8 mm to 3.0 mm, in order to increase the 
knowledge of penetration of gas into a liquid. Previous research has mainly been 
focused on the penetration depth, whereas the present study also includes the 
phenomena of swirl motion. The specific conclusions within this investigation are 
given below. 

5.1 Study of penetration depth and correlation with previous 
work 
Experiments were carried out in order to study the effects of nozzle diameter, gas 
flow rate and lance height on the penetration depth. Empirical relationships 
suggested by previous authors were summarized and compared with the new 
experimental data. 
 

 If all other parameters are held constant, the penetration depth: 
- increases with a decreased nozzle diameter 
- increases with an increased gas flow rate 
- decreases with an increased lance height 

 
 The new experimental data agree well with previous work. 
 The dimensionless penetration depth increases with an increased jet 

momentum number. 
 A new correlation was derived and showed better agreement with 

experimental data for nozzle sizes smaller than 2.0 mm. 

5.2 Study of swirl motion 
The swirl motion was mainly investigated with respect to amplitude, period, 
starting time and damping time. The effects of nozzle diameter, gas flow rate and 
lance height were studied.  
 

 The amplitude of the swirl motion in a top-blown bath increases with 
increasing gas flow rate and decreases with an increased nozzle diameter. 

 The amplitude is not dependent on the lance height. 
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 The swirl period was about 0.5 s for all three nozzles, both aspect ratios 
and all considered lance heights. 

 The starting time tends to decrease with an increased gas flow rate. 
 The starting time is independent of nozzle diameter and lance height. 
 The damping time is independent of gas flow rate, nozzle diameter, lance 

height and aspect ratio. 

6. Future work 
 

- Future work is to carry out more water model experiments to get a 
reliable statistical evaluation of the data and measure more parameters, 
such as the width of the cavity and the velocity of the gas. 

- To carry out steel experiments and investigate the chemical reactions in 
the penetration area. 

- Use mathematical modeling in order to develop a model that could be 
implemented into the steelmaking industry. 

7. Nomenclature 
a amplitude of swirl motion   (L) 
D vessel diameter    (L) 
dni inner diameter of the nozzle  (L) 
g acceleration due to gravity   (L/t2) 
h lance height     (L) 
Hj penetration depth    (L) 
HL bath height     (L) 
HL/D aspect ratio 
Q gas flow rate     (L3/t) 
r inner radius of the nozzle   (L) 
Td damping time of swirl motion  (t) 
Tp period of swirl motion   (t) 
Ts starting time of swirl motion  (t) 
vg velocity of the gas at the nozzle exit (L/t) 
ρg density of gas     (M/L3) 
ρl density of liquid    (M/L3) 
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