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!ÂÓÔÒÁÃÔ 

Supersonic oxygen jet is used in both Basic Oxygen Furnace (BOF) and Electric Arc 

Furnace (EAF) steelmaking to remove impurities from the liquid iron by oxidation 

reactions. In EAF steelmaking, the oxygen jet is injected between 35 to 45 degrees from 

the vertical position whereas in BOF steelmaking the oxygen jet is injected through a 

vertical lance from the top of the furnace. The understanding of the supersonic jet 

behaviour, jet-liquid interaction and droplet generation rate from the liquid surface 

inside the furnace is important in optimizing the steelmaking process. 

In the present study, the Computational Fluid Dynamics (CFD) technique and physical 

modelling was used to study the supersonic jet behaviour, jet-liquid interactions and 

splashing phenomenon inside the steelmaking furnace. A CFD model was developed 

first to investigate the effect of high ambient temperature on the supersonic jet because 

in steelmaking the ambient temperature is between 1700 to 1800 K. The results, when 

compared with available experimental data, showed that the Ὧ ‐ turbulence model, 

with compressibility terms, underpredicts the potential core length of the supersonic jet 

at high ambient temperature. A temperature corrected Ὧ ‐ turbulence model was 

proposed in this study that decreases the value of ὅ at higher temperature gradient 

which in turn reduces the turbulent viscosity. As a result, the growth rate of turbulence 

mixing region decreases at higher ambient temperatures which increases the potential 

core length of the jet further. The results obtained by using the modified turbulence 

model were found to be in good agreement with the experimental data. The CFD 

simulation showed that the potential core length at steelmaking temperature is 

approximately 2.5 times longer compared to that at room ambient temperature. 

It was then followed by the CFD modelling of coherent supersonic jet where the 

supersonic jet is shrouded by a combustion flame which results in longer potential core 

length for the coherent supersonic jet compared with normal supersonic jet. The 

combustion flame was created using CH4 and O2 as fuel and oxidant respectively. The 

CFD model showed that the shrouding combustion flame reduces the turbulent shear stress 

magnitude in the shear layer. As a result, the potential core length of the jet increases. The 

potential core length of the coherent supersonic jet was also found to depend on the gas 
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used as the central supersonic jet. The numerical results showed that the potential core 

length of the coherent supersonic oxygen and nitrogen jet is more than four times and 

three times longer, respectively, than that without flame shrouding, which were in good 

agreement with the experimental data. 

After modelling the gas phase, another CFD model was developed to simulate the jet 

liquid interaction. A new approach was proposed where two computational domains 

were used to avoid the difficulties that arise from the simultaneous solution of 

compressible supersonic gas phase and incompressible liquid phase. The effect of 

shrouding gas flow rates on the axial jet velocity distribution, depth of penetration and 

velocity distribution of liquid phase were investigated. In this case, only compressed air 

was used to shroud the main supersonic jet instead of a combustion flame. A higher 

shrouding gas flow rate was found to increase the potential core length, depth of 

penetration and liquid free surface velocity which in turn contributes in reducing the 

mixing time. The CFD model successfully predicted the formation of surface waves 

inside the cavity and consequent liquid fingers from the edge of the cavity which were 

experimentally observed by the previous researchers.  

An experimental study was carried out to investigate the effect of different operating 

conditions (lance angles, lance heights and flow rates) on the wall splashing rate. Air 

was injected on water surface in a 1/3-scale thin slice model of the steelmaking furnace 

where dynamic similarity was maintained using dimensionless Modified Froude 

number. The splashing rate was found to increase with the increase of lance angle from 

the vertical and flow rate. The critical depth of penetration as well as the impact velocity 

for the onset of splashing was found to decreases with the increase of lance angle from 

the vertical. The dimensionless Blowing number (NB), which is a measure of droplets 

generation rate, was found to increase with lance angle if the axial lance height is kept 

constant. It was concluded that the Blowing number theory fails if the cavity operates in 

penetrating mode. The cavity surface area was predicted to be the most important factor 

in the generation of droplets at lower lance height but after a certain lance height the jet 

momentum becomes the dominant factor. 

Finally, effort was made to quantify the droplet generation rate from CFD model and 

validate against the present experimental study. It was found that the modelling of 
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splashing rate using the Eulerian approach requires a very fine mesh to capture the fine 

droplets which are computationally very intensive. 

The CFD models, developed in the present study, can be used to predict the jet 

behaviour and impact on the liquid melt inside an industrial furnace at different nozzle 

inlet conditions. It can also predict the cavity dimensions and oscillations with 

reasonable accuracy. Thus, the models can be used as predictive tools in the industry. 

The knowledge of impact velocity and cavity dimensions is important to model the 

droplet generation rate from the cavity. Modelling of droplet generation is still a 

significant challenge for CFD but the results from this study indicated that Blowing 

number theory cannot be used to quantify splashing in the penetrating mode and a 

further modification is required by including the cavity dimensions as a parameter. 
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Ὀ ὈὭὪὪόίὭέὲ ὧέὩὪὪὭὧὭὩὲὸ έὪ ίὴὩὧὭὩί ͼὭͼά ί  

Ὁ ὌὩὥὸ ὸὶὥὲίὪὩὶὶὩὨ ὦώ ὶὥὨὭὥὸὭέὲ ὡ  

Ὡ ὛὴὩὧὭὪὭὧ ὩὲὸὬὥὰὴώ ὴὩὶ όὲὭὸ άὥίί ὐȾὯὫ 

Ὂ ὊέὶὧὩ ὔ  

Ὂ ὠέὰόάὩὸὶὭὧ Ὣὥί Ὢὰέύ ὶὥὸὩί ὔάȾί 

ά άὥίί ὯὫ 

Ὂὶ ὓέὨὭὪὭὩὨ ὪὶέόὨὩ ὲόάὦὩὶ  

Ὣ ὋὶὥὺὭὸὥὸὭέὲὥὰ ὥὧὧὩὰὥὶὥὸὭέὲ ά ίϳ  

Ὤ ὰὥὲὧὩ ὬὩὭὫὬὸ ά  

Ὤ ὥὼὭὥὰ ὨὭίὸὥὲὧὩ ὦὩὸύὩὩὲ ὲέᾀᾀὰὩ ὩὼὭὸ ὴὰὥὲὩ ὥὲὨ όὲὨὭίὸόὶὦὩὨ ίόὶὪὥὧὩ Ὥὲ ὭὲὧὰὭὲὩὨ 

 ὮὩὸ ά  

Ὄ Ὕέὸὥὰ ὩὲὸὬὥὰὴώ ὴὩὶ όὲὭὸ άὥίί ὐȾὯὫ 

ὑ ὝὬὩὶάὥὰ ὧέὲὨόὧὸὭὺὭὸώ ὡά ὑ  

ὰ ὸόὶὦόὰὩὲὧὩ ὰὩὲὫὸὬ ίὧὥὰὩ ά  

ὒ ὌὩὭὫὬὸ έὪ ὸὬὩ ὦέὸὸέά ὰὭήόὭὨ ὰὥώὩὶ ά  

ὒ ὌὩὭὫὬὸ έὪ ὸέὴ ὰὭήόὭὨ ὰὥώὩὶ ά  

ὓ ὓέάὩὲὸόά ὔ  

ὓὥ ὓὥὧὬ ὲόάὦὩὶ ɀ 

ὓ ὋὶὥὨὭὩὲὸ ὓὥὧὬ ὲόάὦὩὶ 
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ὓ ὝόὶὦόὰὩὲὧὩ ὓὥὧὬ ὲόάὦὩὶ 

ά άὥίί Ὢὰέύ ὶὥὸὩ ὯὫίϳ  

ὔ ὔέάὭὲὥὰ ύὩὦὩὶ ὲόάὦὩὶ ɀ 

ὔ ὔέάὭὲὥὰ ὄὰέύὭὲὫ ὲόάὦὩὶ  

ὖ ὖὶὩίίίόὶὩ έὪ ὪὰόὭὨ ὖὥ 

ὖ ὈώὲὥάὭὧ ὴὶὩίίόὶὩ έὪ ὸὬὩ ὮὩὸὖὥ 

ὖὶ ὝόὶὦόὰὩὲὸ ὖὶὥὲὨὸὰ ὲόάὦὩὶ  

ὴ ὨὩὴὸὬ έὪ ὴὩὲὩὸὶὥὸὭέὲ ά  

ὴ ὧὶὭὸὭὧὥὰ ὨὩὴὸὬ έὪ ὴὩὲὩὸὶὥὸὭέὲ ά  

ή ὧέὲὨόὧὸὭέὲ ὬὩὥὸ ὸὶὥὲίὪὩὶ ὡά  

Ὑ ὟὲὭὺὩὶίὥὰ Ὣὥί ὧέὲίὸὥὲὸ ὐὯὫὑ  

Ὑ ὈὶέὴὰὩὸ ὫὩὲὩὶὥὸὭέὲ ὶὥὸὩί ὯὫȾί 

ὶ ὨὭίὸὥὲὧὩ Ὥὲ ὶὥὨὭὥὰ ὨὭὶὩὧὸὭέὲ ά  

ὶ ὬὥὰὪ ὮὩὸ ύὭὨὸὬ ά  

Ὓ ὓὩὥὲ ίὬὩὥὶ ὶὥὸὩ ί  

Ὓ ὛὴὶὩὥὨὭὲὫ ὶὥὸὩ ɀ 

Ὓὧ ὝόὶὦόὰὩὲὸ ίὧὬὭάὨὸ ὲόάὦὩὶ  

Ὕ ὝὩάὴὩὶὥὸόὶὩ ὑ  

Ὕ ὝὩάὴὩὶὥὸόὶὩ ὥὸ ὸὬὩ ὲέᾀᾀὰὩ ὩὼὭὸ ὑ  

Ὕ ὃάὦὭὩὲὸ ὸὩάὴὩὶὥὸόὶὩ ὑ  

Ὕ Ὕέὸὥὰ ὸὩάὴὩὶὥὸόὶὩ ὑ  

ὸ ὊὰόὧὸόὥὸὭὲὫ ὧέάὴέὲὩὲὸ έὪ ὸὩάὩὴὶὥὸόὶὩ ὑ  

ὸ ὸὭάὩ ί 

Ὗ ὠὩὰέὧὭὸώ ά ίϳ  

Ὗ ὔέᾀᾀὰὩ ὩὼὭὸ ὺὩὰέὧὭὸώά ίϳ  

Ὗ ὝόὶὦόὰὩὲὸ ὮὩὸ ὥὼὭὥὰ ὺὩὰέὧὭὸώ ά ίϳ  



xxiii  

 

Ὗ ὧὶὭὸὭὧὥὰ ὸὥὲὫὥὲὸὭὥὰ ὺὩὰέὧὭὸώ ά ίϳ  

όȟό ὝόὶὦόὰὩὲὸ ὺὩὰέὧὭὸώ ά ίϳ  

ὼ ὨὭίὸὥὲὧὩ Ὥὲ ὼ ὨὭὶὩὧὸὭέὲ ά  

ὣ ὓὥίί ὪὶὥὧὸὭέὲ έὪ ίὴὩὧὭὩί Ὥ ɀ 

 

Greek letters 

‒ ὠέὶὸὭὧὭὸώ ί  

‌ ὠέὰόάὩ ὪὶὥὧὸὭέὲ 

” ὨὩὲίὭὸώ ὯὫάϳ  

” Ὣὥί ὨὩὲίὭὸώ ὯὫάϳ  

” ὰὭήόὭὨ ὨὩὲίὭὸώ ὯὫάϳ  

” ὥάὦὭὩὲὸ ὪὰόὭὨ ὨὩὲίὭὸώ ὯὫάϳ  

” ὈὩὲίὭὸώ έὪ ὸὬὩ ὦέὸὸέά ὰὭήόὭὨ ὰὥώὩὶ ὯὫάϳ  

” ὈὩὲίὭὸώ έὪ ὸὬὩ ὸέὴ ὰὭήόὭὨ ὰὥώὩὶ ὯὫάϳ  

„ ίόὶὪὥὧὩ ὸὩὲίὭέὲ ὔ άϳ  

„ ὛὸὩὪὥὲὄέὰὸᾀάὥὲ ὧέὲίὸὥὲὸ ὡάὑ  

‘ ὺὭίὧέίὭὸώ έὪ ὰὭήόὭὨ ὔ ίάϳ  

‘ ὝόὶὦόὰὩὲὸ ὺὭίὧέίὭὸώ ὔ ίάϳ  

Ὧ ὝόὸὦόὰὩὲὸ ὯὭὲὩὸὭὧ ὩὲὩὶὫώ ά ίϳ  

‐ ὸόὶὦόὰὩὲὧὩ ὨὭίίὭὴὥὸὭέὲ ὶὥὸὩ ά Ὓϳ  

ῲ ὈὭὪὪόίὭέὲ ὧέὩὪὪὭὧὭὩὲὸάί  

† ὠὭίὧέόί ίὸὶὩίίὔ άϳ  

— ὰὥὲὧὩ ὭὲὧὰὭὲὥὸὭέὲ ὥὲὫὰὩ ὨὩὫὶὩὩ 

‎ ὛὴὩὧὭὪὭὧ ύὩὭὫὬὸ έὪ ὦέὸὸέά ὰὭήόὭὨ ὰὥώὩὶ ὯὫȾάί  

‎ ὛὴὩὧὭὪὭὧ ύὩὭὫὬὸ έὪ ὸέὴ ὰὭήόὭὨ ὰὥώὩὶ ὯὫȾάί  

‏ ὑὶέὲὩὧὯὩὶ ὨὩὰὸὥ  
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1.1 Background  

Steel is used in almost every area of modern age such as in construction of roads, 

buildings, infrastructures, railways, vehicles, ships, machineries and tools. Because of 

the wide range of applications and critical role played by steel in infrastructural and 

overall economic development, the steel industry is often considered to be an indicator 

of economic progress. Figure 1-1 shows that annual steel production in the world 

increased steadily and linearly from the year 1970 to 2000. After that there was a sharp 

increase in the annual steel production rate which was largely due to the economic 

growth in China.  

 

 

Figure 1-1 The world annual steel productions from 1970 to 2010 [1]. 

 

Though steel had been produced by various methods before nineteenth century, the 

modern era of steelmaking began with the introduction of Bessemer process in 1858 

which removes impurities from the molten iron by oxidation with air blown through the 
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molten iron [2]. At present, steel is produced from two different routes: Basic oxygen 

furnace (BOF) steelmaking and electric arc furnace (EAF) steelmaking. The first 

commercial operation of BOF steelmaking was in the early 1950ôs at Linz and 

Donawitz[3]. This manner of steelmaking is also known as Linz-Donawitz or LD 

process named after the places. In this process, iron ores are melted in the blast furnace 

to produce liquid pig iron and then poured into the steelmaking converter. After that 

pure oxygen is blown through the molten iron bath, instead of air as in Bessemer 

process, in order to reduce the carbon content and other impurities [3]. 

Over the past 30 years the use of the EAF route for the production of steel has grown 

considerably. In this process, scrap materials are used to produce steel which is a key 

element in achieving the goals of sustainable development [4]. Mainly electrical energy 

along with some chemical energy is used to melt the scrap materials and then oxygen jet 

is used to purify the molten metal and produce high quality steel. In developed countries 

like the United States, Europe and Japan, the amount of obsolete scrap in relationship to 

the amount of steel required increased, reducing the price of scrap relative to that of hot 

metal produced from ore and coal. This economic opportunity arising from low cost 

scrap and the lower capital cost of an EAF compared to integrated steel production 

(BOF) lead to the growth of the mini-mill or scrap based EAF producer [2]. 

Both in BOF and EAF steelmaking oxygen is injected under supersonic conditions into 

the furnace in order to reduce the level of carbon in the metal bath and to oxidize 

impurities like phosphorus, silica and other elements to slag [3]. Supersonic gas jets are 

used to produce higher depth of penetration on the liquid metal surface and obtain better 

gas-liquid mixing inside the furnace which may result in higher reaction rates. In 

addition, supersonic gas jets generate metal droplets upon impingement on the liquid 

bath which have both positive and negative effects on the metal processing operations. 

The available interfacial area of the generated droplets is very large which in turn 

enhance the rates of heat transfer and chemical reactions. If the velocity of the 

supersonic gas jet is very high, the generated metal droplets splashes onto water-cooled 

panels, slag/steel build-up on the lances which is detrimental to water-cooled panels, 

refractories and lance tips [5] and results in the loss of bulk metal. Hence, knowledge of 

supersonic jet behaviour and the jet-liquid interactions are required for the optimization 

of the process and make it more efficient. 
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The environment inside the furnace is very harsh making it difficult to make direct 

observations and measurements. As a result, a number of cold modelling and 

mathematical modelling studies have been carried out in last 50 years to understand the 

complex fluid flow phenomenon inside the steelmaking furnace. Almost all of them 

used incompressible air jet and water to understand the fluid flow behaviour inside the 

furnace. But the behaviour of the supersonic jet at steelmaking temperature is different 

from the incompressible air jet of cold modelling studies. Knowledge of jet velocity and 

oxygen mass fractions at the liquid surface is important for predicting the cavity depth 

and chemical reactions at the impingement point for both the BOF and EAF 

steelmaking processes. Some numerical studies of the jet at steelmaking temperature are 

available in the literature but those were not validated against the experimental data. 

Hence, a properly validated numerical model is required to predict jet properties at 

steelmaking conditions. 

In the late 1990ôs, coherent supersonic jet was introduced in EAF steelmaking process 

replacing the conventional supersonic jet. Coherent jet is formed by shrouding the 

central supersonic jet with a combustion flame which is created by fuel and oxidant. 

Because of the flame envelope, the entrainment of the surrounding gas into the 

supersonic jet is reduced, leading to a higher potential core length of the supersonic jet. 

The longer potential core length makes it possible to install the nozzle far from the 

liquid surface and increase the nozzle tip life. It is also claimed that coherent jet 

produces less splashing on the furnace wall compared with conventional supersonic jets. 

Although the steelmaking industries have been using the coherent jet since late 1990ôs, 

limited research have been performed to understand the physics of supersonic coherent 

jet characteristics and how it can contribute to minimize the wall splashing which is 

very important in order for further improvement of this technology.  

In an attempt to quantify the rate of droplet generation from the jet-liquid interactions, 

couple of dimensionless numbers [6, 7] have been proposed by the previous researchers. 

Among those, the Blowing number ὔ  theory is superior in physical sense because it 

estimates how many times the Kelvin-Helmholtz interface instability criterion has been 

exceeded. According to this theory, the higher the Blowing number, the more is the 

droplet generation rate. However, the available literature shows that the droplet 

generation rate also increases at higher lance inclination angles [8]. The existing 
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Blowing number theory does not include the effect of lance inclination angle. Moreover, 

at very low lance height the Blowing number on the liquid surface is higher because of 

higher jet impingement velocity which in turn predicts higher droplet generation rate. 

But it was reported [6, 9] that droplet generation rate decreases at very low lance height. 

Hence, a proper modification of Blowing number theory can contribute to more 

accurate prediction of the droplet generation rate at those conditions. 

 

1.2 Aim and Scope of This Study  

The aim of this research is to contribute to the understanding of the supersonic gas jet 

behaviour, jet liquid interaction and droplet generation using the computational fluid 

dynamics (CFD) and physical modelling. In order to achieve this, the following actions 

are undertaken step by step: 

¶ A CFD investigation of the effect of higher ambient temperatures on supersonic 

jet characteristics. 

¶ A CFD investigation of the effect of shrouding combustion flame on coherent 

supersonic jet characteristics. 

¶ A CFD investigation of the shrouded jet-liquid interaction in case of top jetting 

(BOF).  

¶ An experimental and subsequent CFD investigation of jet-liquid interactions and 

splashing in case of inclined jetting.  

 

All CFD models have been developed using commercial CFD software AVL FIRE 

v2008 and AVL FIRE v2009. The limitations of the CFD model in predicting jet 

properties, jet-liquid interactions and droplet generation rate are discussed and the 

necessary modifications are proposed. Several assumptions will be made for the CFD 

modelling and the validity of these assumptions is argued in terms of available 

experimental data.  
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The scope of this research is limited to the experimental data available. All the CFD 

models are validated against the available experimental data and then efforts have been 

made to predict the flow behaviour at steelmaking temperature wherever possible. 

 

1.3 Thesis Overview  

A literature review on BOF and EAF steelmaking has been presented in Chapter 2 to 

give a general background about the process. It is then followed by the theory of the 

supersonic gas jet and the structure of coherent supersonic jet. Lastly, the chapter 

explores available current literature on the experimental and numerical modelling of 

supersonic jet, liquid flow, liquid surface deformation and droplet generation, resulting 

from the jet impingement. 

Chapter 3 starts with the description of the governing equations required for solving the 

supersonic gas jets without shrouding flow at higher ambient temperatures. Then the 

turbulence modelling of the jet at higher ambient temperature has been discussed. It is 

then followed by the detailed description of boundary conditions, computational 

procedure and finally the results and discussions. In the second half of Chapter 3, 

modelling of the coherent supersonic jet has been discussed. The description includes 

modification of energy equation for coherent jet, details on combustion modelling 

procedure, necessary boundary conditions, computational procedure and finally the 

results and discussions. 

Chapter 4 consists of the CFD simulation of shrouded supersonic jet impingement on a 

liquid surface. The effect of shrouding gas flow rate on the depth of penetration has 

been investigated and validated against the experimental data. The droplet generation 

mechanism has been investigated in detail and compared qualitatively with the 

established theory. 

Chapter 5 describes the experimental investigation of droplet generation rate at different 

operating conditions (lance height, lance angle and flow rates). The critical penetration 

depth for the onset of splashing at different lance angle has been investigated. A 

modification of the Blowing number theory by incorporating the lance inclination angle 
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has been proposed. In Chapter 6, the numerical modelling of inclined jetting on liquid 

surface is presented.  

Finally, the conclusions, drawn from the present study, are presented in Chapter 7 

which is then followed by some suggestions for the future study on this project. 

1.4 Publications From This Research  
 

1.4.1 Journals 

ü Morshed Alam, Jamal Naser, Geoffrey Brooks and Andrea Fontana, 

ñComputational Fluid Dynamics Model of Shrouded Supersonic Jet 

Impingement on a Water Surfaceò, ISIJ International, vol. 52, No. 6, 2012, pp. 

1026-1035. 

ü Morshed Alam, Gordon Irons, Geoffrey Brooks, Andrea Fontana and Jamal 

Naser, ñInclined Jetting and Splashing in EAF Steelmakingò, ISIJ 

International, vol. 51, No. 9, 2011, pp.1439-1447 

ü Morshed Alam, Jamal Naser, Geoffrey Brooks and Andrea Fontana, 

ñComputational Fluid Dynamics Modelling of Supersonic Coherent Jets for 

Electric Arc Furnace Steelmaking Processò, Metallurgical and Materials 

Transactions B, vol.41, December 2010, pp.1354-1367. 

ü Morshed Alam, Jamal Naser and Geoffrey Brooks, ñComputational Fluid 

Dynamics Simulation of Supersonic Oxygen Jet Behaviour at Steelmaking 

Temperatureò, Metallurgical and Materials Transactions B, vol. 41, June 2010, 

pp.636-645. 

1.4.2 Conferences 

ü Morshed Alam, Gordon Irons, Geoffrey Brooks, Andrea Fontana and Jamal 

Naser, ñExperimental study on Splashing Phenomenon in EAF Steelmakingò, 

AISTech-Iron and steel Technology conference proceedings, 2011, pp.1017-

1025. 
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ü Geoffrey Brooks, Neslihan Dogan, M.A. Rhamdhani, Morshed Alam and Jamal 

Naser, ñDevelopment of Dynamic Models for Oxygen Steelmakingò, 3
rd

 

Australia-China-Japan Symposium of Iron and Steelmaking, 25-27 July, 2010, 

Sydney, Australia. 

ü Morshed Alam, Jamal Naser, Geoffrey Brooks and Andrea Fontana, ñA Study 

on Supersonic Coherent jet Characteristics Using Computational Fluid 

Dynamicsò, AISTech-Iron and steel Technology conference proceedings, 2010, 

pp.885-894. 

ü Morshed Alam, Jamal Naser and Geoffrey Brooks, ñCFD Simulation of 

Supersonic Oxygen Jet Behaviour Inside a High Temperature Fieldò, Seventh 

International Conference on CFD in the Minerals and Process Industries, 

Melbourne, Australia, 9-11 December, 2009. 
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2.1 Overview of Steelmaking Processes 

The entire process of steelmaking can be divided into two sequential steps: primary 

steelmaking in the furnaces and secondary steelmaking in a ladle [3]. In primary 

steelmaking, liquid iron that comes from the blast furnace is purified by blowing 

oxygen into the converter. This process is known as Oxygen steelmaking. In another 

approach, the recycled iron and steel scraps are melted using electric arcs inside the 

furnace and then purified by blowing oxygen which is known as Electric Arc Furnace 

(EAF) steelmaking process [3]. Both the BOF and EAF steelmaking process are 

described in brief in the following sections. 

 

2.1.1 The Oxygen Steelmaking Process 

In oxygen steelmaking process, high purity oxygen is used to refine a charge of molten 

iron and ambient scrap into steel of desired carbon content and temperature by oxidizing 

the dissolved impurities like carbon, silicon, manganese, phosphorus and sulphur [2]. 

The molten iron comes from the blast furnace where iron ore, coke and lime are used as 

raw materials. The molten iron usually contains 4-4.5wt% carbon and the previously 

mentioned impurities which make the metal too brittle for most engineering applications 

[10]. The main functions of the oxygen steelmaking process are to reduce the carbon to 

less than 0.1%, to reduce or control the sulphur and phosphorus, and finally, optimize 

the temperature of the liquid steel so that any further treatments prior to casting can be 

performed with minimal reheating or cooling of the steel [2, 10]. The exothermic 

oxidation reactions that occur during oxygen steelmaking generate a lot of heat energy 

which is removed by the addition of scrap materials and iron ores of calculated amount 

to obtain the desired final temperature [10]. 

 

2.1.1.1  Types of Oxygen Steelmaking Process 

There are basically three variations of oxygen steelmaking process depending on the 

method of introducing oxygen gas into the liquid bath [2]: 
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¶ Top blowing process 

¶ Bottom blowing process 

¶ Combined blowing process 

The most common and widely used configuration is the top blown converter which is 

also known as basic oxygen furnace (BOF) process. In this process, oxygen is blown via 

a water cooled lance, inserted from the top of the vessel, as shown in Figure 2-1(a). The  

 

 

 

Figure 2-1 Methods of introducing oxygen into steelmaking converter (a) Top blown (b) 

Bottom blowing (c) Combined blowing [2]. 

 

blowing end of the lance is fitted with de Laval nozzle in order to deliver oxygen at 

supersonic velocity. The use of supersonic oxygen jet to refine hot metal was first 

introduced at Linz and Donawitz of Austria in 1949. That is why this process is also 

known as LD process, named after the two places [3]. In the bottom-blown converters, 

oxygen is introduced through the bottom of the vessel with the help of tuyeres. The 
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bottom-blowing process is also called the OBM, Q-BOP process depending upon the 

type of tuyere design. Each tuyere consists of two concentric pipes with the oxygen 

passing through the centre pipe and a coolant hydrocarbon passing through the annulus 

between the pipes as shown in Figure 2-1(b). Usually, natural gas or oil is used as 

coolant which chemically decomposes when introduced at high temperatures generated 

by oxidation reactions and hence, protects the tuyere tip from overheating [2]. One of 

their advantages is a very efficient metal-slag stirring throughout the 

oxygen blow [10]. In the combined blowing process, gases are blown both from the top 

lance and bottom tuyeres. Combined blowing process can be of different types such as 

K-BOP, LD-OTB, LD-STB, LBE etc. depending upon the amount of gas injected from 

the top and bottom and also on the type of tuyere and the gas injected [3]. Figure 2-1(c) 

shows three different types of bottom blowing converters: top lance with permeable 

elements, top lance with cooled bottom tuyeres and top lance with uncooled bottom. 

 

2.1.1.2  Sequence of Operations  Of BOF Steelmaking  

In BOF steelmaking, steel is made in discrete batches called heats. Time required to 

produce a typical 250 ton heat varies in the range of 30-65 minutes [2]. The major event 

times in each heat is summarized below in Table 2-1: 

Table 2-1 BOF Steelmaking event times [2]. 

Events Minutes 

Charging scrap and hot metal 5-10 

Refining-blowing oxygen 14-23 

Sampling-chemical testing 4-15 

Tapping 4-8 

Pouring slag off at furnace 3-9 
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The sequence of operations for BOF steelmaking is shown in Figure 2-2: 

 

Figure 2-2 Schematics of operational steps in BOF steelmaking process [2]. 

 

At first the furnace is tilted by about 30-40
0
 angle from the vertical position and the 

scrap is charged into the vessel with the help of a charging bucket. Scrap basically 

consists of recycled iron or steel. Hot metal is then poured on the scrap [3]. In some 

cases hot metal is desulphurized in separate vessel before charging into the BOF 

steelmaking converter. Because the oxidizing condition inside the furnace is not suitable 

for sulphur removal. The sulphur level in desulphurized hot metal can be as low as 

0.002wt% [2]. The pouring operation, which generates considerable dust, is 

accomplished under an enclosed hood equipped with an evacuation system and a 

baghouse [2]. 

After charging of scrap and hot metal, the vessel is then tilted back to its normal upright 

position and water cooled oxygen lance is gradually lowered up to a specified distance 

from the liquid metal. Blowing is started simultaneously while lowering the lance [3]. 

The oxygen is blown at supersonic velocities and the blow rate ranges from 560 to 

1000Nm
3
/min [2]. Impurities such as carbon, silicon, manganese, phosphorus, sulphur, 

dissolved in the hot metal, are removed by oxidation. The energy required to raise the 
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scrap and hot metal temperature from 1250-1450
0
C to steelmaking temperatures of 

about 1600-1680
0
C is provided by exothermic oxidation reactions [3]. The major oxide-

forming reactions are as follows [10]: 

 

2[P] + 5/2(O2)g = (P2O5)        2-1 

[Fe] + 1/2(O2)g= (FeO)        2-2 

[Mn] + 1/2(O2)g = (MnO)        2-3 

[Si] + (O2)g = (SiO2)         2-4 

[C] + ½(O2)g= (CO)g         2-5 

2[Fe] + 3/2(O2)g = (Fe2O3)        2-6 

 

A typical change in melt composition during the blow is shown in Figure 2-3. The 

silicon dissolved in the metal is almost completely oxidized in the first 3-4 minutes of 

the blow. In contrast to silicon, the transfer of sulphur, phosphorus, manganese and 

carbon takes place over the entire period of blow [3]. 

  

 

Figure 2-3 Change in melt composition during the blow [3]. 
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Soon after the oxygen is turned on, flux additions are also started. In oxygen 

steelmaking, normally CaO (from burnt lime) and MgO (from dolomitic lime) are used 

as flux. The CaO is used to dissolve the metal oxides (SiO2, MnO, FeO, Fe2O3) and 

form a basic liquid slag that is able to remove sulphur and phosphorus from the metal. 

The dolomite is used to saturate the slag with MgO and reduce the dissolution of the 

dolomite furnace refractories. In some case fluorspar is used to reduce slag viscosity [2]. 

The position of the lance is important for proper functioning of the process. If the lance 

is too high, the slag will be over stirred and over-oxidized with higher FeO percentages. 

This will cause higher than normal yield losses and lower tap alloy efficiencies due to 

oxidation losses. Further, the rate of carbon removal is reduced and becomes erratic. 

When the lance is too low, carbon removal increases somewhat, slag formation, slag 

reactivity, and FeO are reduced and sulphur and phosphorus removal problems often 

occur. If the lance is very low, then spitting of metal droplets or sparking occur which 

cause severe and dangerous metallic deposits, called skulls, on the lance and the lower 

waste gas hood. Obviously, there is an optimum lance height which varies from shop to 

shop depending on the process conditions [2]. 

At the end of the blow the lance is raised and the furnace is then rotated towards the 

charging side nearly 90
0
 to do chemical analysis and temperature measurement. Based 

on the chemical laboratory results, a decision is taken whether the heat is ready to tap or 

requires corrective action. If a corrective action is required, the furnace is set upright. 

Oxygen is re-blown into the furnace, with or without coolants or fluxes, to arrive at the 

desired (aim) chemistry and temperature [2]. The typical end point composition of steel 

is 0.04-0.06wt% carbon, 0.2wt% manganese, 0.02wt% phosphorus and 0.015wt% 

sulphur. The manganese, sulphur and phosphorus contents are function of input 

composition of scrap and hot metal [3]. Once the heat meets the temperature and 

chemistry requirements, the furnace is rotated towards the taphole side and the refined 

steel is tapped into a ladle. Near the end of tapping a vortex may develop near the 

draining taphole and entrain some of the slag into the ladle. Furnace slag contains high 

FeO, which reduces desulphurization in the ladle. Also, the P2O5 present in BOF slag is 

a source of phosphorus carried into the ladle. So slag carryover from the BOF into the 

ladle must be minimized [2]. After tapping, the slag is either taken out by tilting the 

converter or splashed on the wall of the furnace to coat the lining and thereby extend its 



16 

 

life. This slag splashing (coating) maintenance is typically performed by blowing 

nitrogen through the oxygen lance for two to three minutes [2]. 

 

2.1.2 Electric Arc Furnace Steelmaking Process 

In EAF steelmaking, high powered electric arc is used to melt the solid scrap materials 

inside the furnace instead of blast furnace to melt iron ore as in oxygen steelmaking 

process. Although, the latter one still dominates the world production of steel, the EAF 

route accounts for a larger and larger portion every year as shown in Figure 2-4. This is  

 

 

Figure 2-4 Production of steel through different steelmaking processes. (Courtesy of 

GrafTech and OneSteel) 

due to the advances in EAF technology which has reduced the tap to tap time and 

electrical energy consumption. In 2001-2003, approximately one-third of the annual 

worldwide steel production was made via the EAF route and then it dropped down 

recently due to the economic recession. The production capacity of an EAF usually 

varies between 50 and 150 tons at different plants [10] but it can be made of almost any 
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size from 1 ton to 400 tons whereas an oxygen steelmaking converter less than 30 tons 

are not economical [3]. Normally, recycled steel scrap is used as raw materials saving 

the consumption of virgin raw materials and energy, which is beneficial from both 

economic and environmental point of view. On an average, 40MWh electrical energy is 

required to melt 100 tons of recycled steel scrap [2]. 

Figure 2-5 shows a schematic of electric arc furnace. An electric arc furnace consists of 

a furnace shell with a roof on top. The furnace shell is lined with ceramic bricks 

(usually carbon bonded magnesia bricks) insulating the furnace from the liquid steel. On 

the upper side of the wall and on the inside of the roof, water cooled elements are used 

instead of ceramic insulation. Because of the positions of these water cooled panels, 

there is no direct contact with the liquid steel [10]. 

 

 

Figure 2-5 Schematic of an electric arc furnace[10]. 

 

The EAF operating cycle is known as the tap-to-tap cycle which is made up of the 

following operations: furnace charging, melting, refining, de-slagging, tapping and 

furnace turnaround. Modern operations aim for a tap-to-tap cycle of less than 60 

minutes. A typical 60 min tap to tap cycle is shown in Table 2-2: 
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Table 2-2 Tap-to-tap cycle of EAF steelmaking process [2]. 

Steps Time 

first charge 3 minutes 

first meltdown 20 minutes 

second charge 3 minutes 

second meltdown 14 minutes 

Refining 10 minutes 

Tapping 3 minutes 

Turnaround 7 minutes 

Total 60 minutes 

 

At the beginning of the cycle, the furnace roof and the electrodes are raised and are 

swung out to the side of the furnace. Then the furnace is charged with recycled steel 

scrap by using scrap bucket. The scraps are layered in the bucket according to size and 

density in order to ensure rapid formation of a liquid pool in the hearth. Other 

considerations include minimization of scrap cave-ins which can break electrodes and 

ensuring that large heavy pieces of scrap do not lie directly in front of burner ports 

which may result in blow-back of the flame onto the water-cooled panels [2]. The 

charge can include lime and carbon or these can be injected into the furnace during the 

heat. After charging, the roof and the electrodes are swung back into place over furnace. 

The roof is then closed and the electrodes are lowered towards the scrap. Then the 

electrical power is switched on and electrical energy is transformed into heat as arcing 

takes place between the electrodes and the solid scrap. This is the commencement of 

melting period. At the start of melting the arc is erratic and unstable. Wide swings in 

current are observed accompanied by rapid movement of the electrodes. As the furnace 

atmosphere heats up, the arcing tends to stabilize. Once the molten pool is formed, the 

arc becomes quite stable and the average power input increases.  
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In modern electric arc furnace chemical energy is also supplied to the furnace for 

melting operation along with the electrical energy but the later one is the major 

contributor. Approximately 60% of the total energy input in EAF is supplied by 

electricity [2]. Chemical energy is supplied via oxy-fuel burners which burn natural gas 

using oxygen. Once a molten pool is formed the power is switched off, the furnace roof 

is opened again, and second bucket of scrap is charged. Then the electrical switch is 

turned on again and melting of scrap starts. When all the scraps are melted, heating 

continues for some time to superheat the molten steel to the target tapping temperature 

[10]. Then supersonic oxygen jet is lanced directly into the bath which is the 

commencement of refining period. Unlike BOF, in EAF oxygen is injected at a certain 

angle from the vertical through the sidewall fixed injectors because in EAF electrodes 

are inserted from the top of the furnace. Most impurities such as, aluminium, silicon, 

manganese, phosphorus sulphur and carbon are removed by oxidation reactions which 

are described in previous section. The metallic oxides which are formed during the 

oxidation reactions transfer to the slag above the liquid steel. At the end of refining 

period, bath temperature is measured and a bath sample is taken for chemical analysis. 

If the correct composition is reached, the furnace is tilted and de-slagging operations are 

carried out to remove the slag through the slag door [2]. Then the furnace is tilted on the 

other side of the slag door, taphole is opened and molten steel is poured into a ladle 

where the secondary steelmaking operations are carried out [2]. 

 

2.1.2.1  Foamy Slag Practice 

The development of foamy slag practice is one of the key technologies that has 

advanced EAF steelmaking. When the charge is completely melted, the furnace 

sidewalls can be exposed to high radiation from arc. A foamy slag is created to cover 

the arc, protect the sidewall from radiation and transfer energy to the bath as shown 

schematically in Figure 2-6. Oxygen is injected with coal to foam up the slag by 

producing CO gas in the slag [2]. In some cases only carbon is injected and carbon 

reacts with FeO in the slag to produce CO gas. The reactions of CO formation are: 
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[C] + [O] = (CO)g         2-7 

(FeO) + [C] = (CO)g + [Fe]        2-8 

 

Some of the benefits attributed to foamy slag are decreased heat losses to the sidewalls, 

improved heat transfer from the arcs to the steel that allows for higher rate of power 

input, reduced power and voltage fluctuations, reduced electrical and audible noise, 

increased arc length (up to 100%) without increasing heat loss and reduced electrode 

and refractory consumption [2]. 

 

 

Figure 2-6 Effect of slag foaming on arc radiation [2]. 

 

2.2 Theory of Supersonic Gas Jet 

A gas jet is a stream of fluid forcefully shooting forth from a nozzle into an open 

environment. Depending on the velocity of the fluid stream, a gas jet can be divided into 

three different categories: 

Subsonic flow: The velocity of the fluid stream is lower than the speed of sound in that 

particular condition. 

Sonic flow: The velocity of the fluid stream is equal to the speed of sound in that 

particular condition. 
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Supersonic flow: The velocity of the fluid stream is higher than the speed of sound in 

that particular condition. 

As mentioned earlier, supersonic gas jets are used to decarburize and purify the liquid 

iron during refining period in steelmaking process. De Laval nozzles are used to 

accelerate gas jets to supersonic velocities [3]. The de Laval nozzle is a convergent 

divergent nozzle and was named after the inventor Gustaf de Laval. Figure 2-7 shows 

the schematic of a de Laval nozzle. 

A properly designed Laval Nozzle accelerates the gas jet to the desired supersonic 

velocity for steelmaking by converting the available pressure energy of the gas into 

kinetic energy [3] as shown in Figure 2-7. The mass flow rate through the nozzle can be 

written as, 

 

ά ”ὃὟὧέὲίὸὥὲὸ        2-9 

 

where ” is the density ὯὫάϳ  of gas, ὃ is the cross-sectional area of the nozzle and Ὗ 

is the velocity ά ίϳ  of the gas. It is assumed that the density, pressure and velocity of 

the gas inside the nozzle changes only in the direction of the flow (i.e. one-dimensional 

flow). The mass flow rate of the gas is constant at each point along the flow inside the 

nozzle. Differentiating equation (2.9) and dividing the resultant by the mass flow rate 

we obtain [11], 

 

π         2-10 

 

Due to the high speed of the gas and short length of the nozzle, the frictional losses are 

assumed small, the flow is assumed adiabatic and the entropy of the gas remains 

constant [11]. 
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Figure 2-7 Schematic of a Laval Nozzle with Pressure and Mach number profile[11]. 
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Assuming the change in potential energy negligible, the energy balance relation 

becomes, 

 

Ὡ ὧέὲίὸὥὲὸ         2-11 

 

Where Ὡ is the static enthalpy ὐὯὫϳ  per unit mass of the fluid. 

Differentiating the equation (2.11) 

 

ὨὩὟὨὟπ         2-12 

 

From thermodynamics[11], 

 

ὝὨίὨὩ          2-13 

 

ὨὩ  [entropy is constant, Ὠί π]      2-14 

 

Substituting equation (2.14) into (2.12), 

 

ὟὨὟπ          2-15 

 

In an adiabatic process, the speed of the sound can be expressed as [11], 
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ὥ           2-16 

 

Combining equations (2.10), (2.15) and (2.16) gives, 

 

ρ         2-17 

 

The ratio of the gas velocity to the speed of the sound at any point is known as the Mach 

number: 

ὓὥ           2-18 

Substituting equation (2.18) into equation (2.17), 

 

ὓὥ ρ         2-19 

 

From equation (2.19) it can be concluded that: 

¶ At subsonic flow (ὓὥ ρ, a decrease in area will lead to an increase in 

velocity.  

¶ At supersonic flow (ὓὥ ρ, an increase in area will lead to an increase 

in velocity.  

¶ At sonic flow (ὓὥ ρȟὨὃ=0, the rate of change of area at the throat is 

zero where sonic velocity can be obtained. 

Hence, in order to accelerate the fluid to supersonic velocities, the fluid must pass 

through converging section of the nozzle until the flow becomes sonic at a certain 

minimum area (throat area) and then through the diverging portion of the nozzle. The 

result is a converging-diverging nozzle as shown in Figure 2-7. The Laval nozzle should 

be designed and operated in such a way that the static pressure at the exit of the nozzle 
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is equal to the ambient pressure. Otherwise shock waves will be generated at the exit of 

the nozzle [11] to equalize the pressure and part of the jet kinetic energy is lost in this 

process which in turn results in lower impact pressure on the liquid surface. However, 

in steelmaking the exit pressure should always be slightly greater than the ambient 

pressure so that the dust-laden gases from the ambient are not sucked inside the nozzle 

which may cause wearing of the nozzle surface or blocking of the nozzle hole [3]. 

When a supersonic jet exits from a Laval nozzle, it interacts with the surrounding still 

air to produce a region of turbulent mixing as shown in Figure 2-8. This process results 

in an increase in jet diameter and decrease in jet velocity with increasing distance from 

nozzle exit. 

 

 

 

Figure 2-8 Regions of a supersonic jet exiting from a Laval nozzle. 

 

A supersonic jet issuing from a Laval nozzle can be divided into three different regions 

[12]: 

1) Potential core region-In this region the axial velocity of the gas is constant and is 

equal to the nozzle exit velocity. The length of the potential core region is proportional 

to the upstream pressure and ambient temperature. The length of the coherent region is 

also known as potential flow core length or coherent length. 
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2) Transition region- This region starts when the turbulent mixing layer reaches the axis 

of the flow and then gradually emerges to the fully developed regime. 

3) Fully developed flow-In this region, the flow becomes fully turbulent. The jet begins 

to spread at higher rate compared to the potential core region. 

In numerical modelling of the supersonic jet, the key challenge is the modelling of 

turbulence. From the experimental study, it was observed that when the velocity of the 

jet is very high, the mixing of the jet with its surroundings is suppressed and the growth 

rate of the turbulent mixing region is reduced [13]. It became known in late seventies 

that the standard Ὧ ‐ model [14] gives a poor prediction of the axial velocity profiles 

of a high speed turbulent axisymmetric jets [15]. This occurs because the standard Ὧ ‐ 

model lacks the ability to reproduce the observed reduction in growth rate of the 

turbulent mixing region at higher speed. Pope [15] reported that the standard Ὧ ‐ 

turbulence model overestimates the spreading rate of the turbulent round jet by about 

40%. However, some modifications of the Ὧ ‐ model have been proposed [16, 17] in 

last two decades in order to take into account the effect of compressibility by reducing 

the growth rate of turbulent mixing region. Sarkar et al.[16] suggested the addition of an 

extra dissipation term, known as compressible dissipation, with the solenoidal 

dissipation in turbulent kinetic energy equation. It was shown that their proposed model 

can predict the dramatically reduced growth rate of compressible mixing layer in case of 

high speed jet. Heinze [17] proposed a modification of the turbulent production term in 

Ὧ ‐ equation. In this model, the turbulent production level decreases with increasing 

compressibility of the jet which in turn suppress the growth rate of mixing layer. These 

modifications made it possible to obtain the velocity distribution of the supersonic free 

jet at room ambient temperature accurately. 

The ambient environment, where the high speed jet discharges, also has significant 

effect on the turbulent mixing layer of the jet. From theoretical analysis, Chatterjee [18] 

reported that at higher ambient temperatures the entrainment of the surrounding ambient 

fluid into the jet is lower which in turn reduces the growth rate of turbulent mixing layer 

as well as jet spreading rate. As a result, the potential core length of the jet increases at 

higher ambient temperatures. Allemand et al.[12] reported from their numerical study 

that at 2000K ambient temperature, the potential core length of the supersonic jet 

becomes approximately 3 times than that at room ambient temperature. Numerical 
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simulations carried out by Tago and Higuchi [19] and Katanoda et al.[20] also showed 

an increase in potential core length of the jet at higher ambient temperatures. 

Sambasivam and Durst [21] showed from their numerical study that spreading rate of 

the jet is higher in denser medium which results in smaller potential core region. 

However, none of these above mentioned numerical simulations [12, 19-21] were 

validated against experimental data. To the authors knowledge, only Sumi et al.[22] 

experimentally studied the behaviour of the supersonic oxygen jet at three different 

ambient temperatures-285K, 772K and 1002K. The velocity attenuation of the jet was 

restrained and the potential core length was extended at higher ambient temperatures. 

 

2.2.1 Coherent Supersonic Jet 

From the preceding section it is known that when a supersonic gas jet discharges from a 

nozzle, it entrains fluids from surrounding environment which results in decaying of the 

jet axial velocity. Hence, during oxygen blowing, the higher the distance between liquid 

surface and the nozzle exit, the greater the entrainment of surrounding fluid which in 

turn decreases the impact velocity as well as depth of penetration on the liquid surface. 

As a result, the mixing of gas and liquid inside the furnace decreases which also reduces 

the reaction rates because of small gas-liquid interfacial area. Hence, it is desirable to  

 

 

(a)       (b) 

Figure 2-9 Schematics of a (a) conventional and (b) coherent supersonic jet [23]. 



28 

 

locate the nozzle close to the liquid metal surface. But the disadvantage of this is the 

sticking of slag/metal droplets on the lance tip which results in poor tip life. To 

overcome this problem, coherent jet (also known as shrouded jet) technology has been 

introduced to the Electric Arc Furnace (EAF) steelmaking industry in the late 1990ôs. 

Coherent gas jets are produced by shrouding the conventional supersonic jet with a 

flame envelope as shown in Figure 2-9 [23-25]. The flame envelope is created using a 

fuel and oxidant. Generally CH4 and O2 are used as fuel and oxidant respectively. 

Figure 2-10 shows the cross-sectional and front views of a shrouded jet nozzle [25]: 

 

 

(a)        (b) 

Figure 2-10 (a) Cross-sectional and (b) front view of a coherent nozzle [25]. 

 

In a shrouded nozzle, the central converging-diverging nozzle is surrounded by small 

holes arranged in two concentric rings as shown in Figure 2-10. Supersonic oxygen 

flows through the central converging-diverging nozzle, the inner ring of holes supplies 

CH4 and the outer ring of holes supplies shrouding subsonic oxygen [25]. Because of 

the flame envelope, the entrainment of the surrounding gas into the supersonic jet is 

reduced, leading to a higher potential core length of the supersonic jet [25, 26]. The 

longer potential core length of the coherent supersonic jet makes it possible to install the 

nozzle far from the liquid surface. Recently, Mahoney [27] showed form their 

experiment that the potential core length of the coherent jet increases with increasing 

fuel (CH4) flow rate up to a certain limit. It was concluded that the potential core length 
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of the coherent jet becomes insensitive to fuel flow rate if the fuel flow rate exceeds 

10% of the supersonic jet flow rate. The reactive ambient was also found to increase the 

potential core length of the jet [27]. The coherent jet is claimed to produce less 

splashing than the conventional supersonic jet [28], although no experimental study is 

available in the literature regarding the splashing phenomenon in case of coherent jets. 

Meidani et al.[29] carried out the only experimental study of shrouded supersonic jet 

impinging on liquid surface but only measured the effect of shrouding gas on the depth 

of penetration in case of top jetting. The effect of shrouding gas on the splashing rate 

was not reported. Moreover, in their study compressed air was used as shrouding gas in 

place of combustion flame. 

In modern EAFôs, the shrouding oxygen and fuel are used as burner during the melting 

period and thus increase the efficiency of the process [30]. Some numerical studies [30-

34] of supersonic jets with shrouding flame are available in the literature showing the 

axial velocity and Mach number distribution of coherent jet. Harris and Holmes [30] 

performed numerical simulation of a commercial coherent supersonic lance system 

known as KT injector [30]. Their numerical results showed that the shrouded 

combustion flame, created by natural gas and oxygen, extends the potential core region 

to 50 nozzle exit diameters far from the lance exit plane. It was also reported that the 

coherent length can be increased by minimizing the turbulence inside the jet. Candusso 

et al.[31] reported from their numerical simulation that the commercial coherent injector 

developed by MORE can maintain supersonic velocity up to 2 meters from the nozzle 

exit plane. In their study, natural gas was not used for shrouding the jet. The CO 

generated inside the furnace during post-combustion was claimed to act as a shrouding 

flame for the main supersonic jet. Lv et al.[34] carried out couple of numerical 

simulations of the coherent supersonic jet by changing the relative position of the 

shrouding oxygen and fuel gas injector holes. It was concluded that the change in 

relative position of the holes has no evident effect on the potential core length of the 

supersonic jet except when the nozzles were worn after multiple use.  

Most of the numerical studies [30, 31, 34] were not validated against experimental data. 

The numerical simulation of coherent jet, carried out by Jeong et al.[32] was found to 

underpredict the potential core length of central supersonic oxygen jet when compared 

with the experimental study of Anderson et al.[25]. They attributed two dimensionality 
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of the numerical simulation for the underprediction of the coherent length. Liu et al.[33] 

performed both the experimental and numerical study to investigate the flow behaviour 

of the coherent jet. They proposed a modification for the model constant ὅ ρȢτυ and 

ὅ ρȢψψ of the standard Ὧ ‐ turbulence model. The numerical results with the 

modified turbulence model were found to predict the experimental results more 

accurately. 

 

2.3 Modelling  of Impinging Gas Jets on Liquid Surfaces  

When a gas jet impinges on a liquid surface, it creates a depression on the surface. The 

depression is formed in order to balance the momentum of the gas jet with the buoyancy 

and surface tension force of the liquid [35]. Molloy [36] classified the depression 

pattern, resulting from top jetting , into three different modes; Dimpling, Splashing and 

Penetrating. The schematics of the cavity shapes at these three different modes are 

illustrated in Figure 2-11(a): 

 

 

(a)     (b) 

Figure 2-11 Cavity shape for (a) Top and (b) inclined jetting[37]. 
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Dimpling: In this mode the jet impact velocity of the gas jet on the liquid surface is low 

which forms a slight surface depression. For top air jet/ water system, the impact 

velocity is less than 15m/s [36]. 

Splashing: With increased jet velocity and/or reduced nozzle height, a shallow 

depression forms on the liquid surface. Liquid droplets generate from the edge of the 

depression and direct outwards. For top air jet/ water system, the impact velocities are 

in the range of 15m/s-75m/s [36]. 

Penetration: With further increased velocity or reduced nozzle height, much deeper 

penetration of the surface takes place accompanied by reduction in the amount of 

outwardly directed splash. 

In case of inclined jetting, these three cavity modes were also observed in some later 

studies [37, 38]. Figure 2-11(b) shows the schematics of the cavity shapes, at three 

different modes, in case of inclined jetting. But the critical impact velocity on the liquid 

surface in case of inclined jetting should be lower than that of top jetting. This will be 

investigated in the present thesis. 

After the introduction of supersonic oxygen lancing onto the molten iron as a method of 

steel refining process, a number of experimental investigation and numerical modelling 

were carried out by the researchers to improve the understanding of the gas jet 

impinging phenomena as well as to optimize both the BOF and EAF steelmaking 

process in terms of gas-liquid mixing, reaction kinetics and droplet generation rates. 

Optimization of the process is very important to improve the quality of steel as well as 

to reduce the operational cost. In the following section, the previous studies on gas jet 

impinging phenomenon are reviewed. 

 

2.3.1 Experimental Modelling  

2.3.1.1  Depth of Penetration Studies  

A number of experimental studies have been performed in the past on gas jet impinging 

phenomenon. Almost all of them used water to simulate the liquid steel because of its 
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availability and easy to handle. A schematic diagram of gas jet impinging on a liquid 

surface is shown in Figure 2-12: 

 

Figure 2-12 Schematic diagram of top jet impingement on a liquid surface. 

 

Banks and Chandrasekhara [35] presented a detailed theoretical and experimental study 

of axisymmetric air jets impinging on water. Based on force balance between dynamic 

pressure and buoyancy at the impact point, they proposed a dimensionless relationship 

between the depth of penetration and momentum of the gas jet: 

 

ρ         2-20 

 

Where ὓ ”ὟὨ is the jet momentum, Ὗ is the gas velocity άȾί at lance exit, 

Ὠ is the lance exit diameter ά , ὴ is the depth of penetration ά , Ὤ is the distance 

ά  between lance exit and liquid surface and Ὧ χȢω is a jet constant. This equation 
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predicted their experimental data fairly well. Several experimental studies [39-42] also 

supported this relationship.  

Turkdogan [43] also obtained an equation for depth of penetration from another 

independent theoretical analysis which was found to agree well with his experimental 

data. He observed in his study that although the depth of penetration decreases with 

increasing density of liquid, the diameter of depression remains unaffected. 

Cheslak et al.[40] used fast-setting cement to determine the shape of the cavity and 

according to them paraboloid is a good approximation to the cavity shape. An equation 

for calculating the width of the cavity was proposed from the experiment. For a constant 

lance height, diameter of the cavity was found to be insensitive to jet momentum which 

was in consent with the previous investigation [35]. They also found that for a constant 

momentum flow rate of the jet, diameter of the cavity increases and depth of the cavity 

decreases if the lance height is increased. Experimental studies, carried out by Koria and 

Lange [44] and Hwang et al.[41] also showed similar trend. Eletribi et al.[45] reported 

that the equation proposed by Banks and Chandrasekhara [35], and Cheslak et al.[40], 

overpredicts the cavity width and depth, especially at high Reynolds number, because 

the theory does not properly account for the effects of the liquid viscosity and surface 

tension. 

Koria and Lange [44] constructed a nomogram (a special graph) to determine the depth 

and diameter of depression from available top blowing parameter (lance height, oxygen 

supply pressure, diameter of nozzle and inclination angle of nozzle). They used molten 

iron as liquid with different carbon composition and showed that the carbon content 

does not affect the depth and diameter of depression. This was in agreement with the 

previous studies [46, 47] where it was reported that the penetration depth is not 

influenced by the chemical reactions at the jet impingement region. 

Flinn et al.[48] used four different methods to determine the depth of penetration of 

high speed jet into the molten bath at non-isothermal condition. They proposed an 

empirical relation for predicting the penetration depth:  

 

ὴ ρȢυ
Ѝ

ρȢυ         2-21 
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Where ὖ is the dynamic pressure (psia), Ὤ is the lance height (in) and Ὠ is the nozzle 

throat diameter (in). When ὖ π, equation (2.21) fails to predict ὴ π. Chatterjee 

[49] developed an equation to predict the average depth of depression produced by 

supersonic jet impinging on a liquid steel: 

 

ρ         2-22 

 

Where ” and ” are the density ὯὫάϳ of gas jet and ambient atmosphere, M is the 

momentum of ὔ the gas jet and X is a flow parameter which depends on the Mach 

number and the diameter of nozzle. The depth of penetration values calculated by 

equation (2.22) was found to be consistently lower than the values obtained by equation 

(2.21). Chatterjee [49] attributed this discrepancy to the appreciable vertical oscillations 

of the cavity. Also, because of the experimental set up used by Finn et al.[48], equation 

(2.21) calculates the maximum depth of penetration while equation (2.22) takes account 

the average penetration depth. From equation (2.22), Chatterjee [49] also reported that 

the depth of depression increases with the increase of ambient temperature at constant 

blowing conditions. This occurs due to the increase of potential core length of the 

supersonic jet at higher ambient temperatures which are described in section 2.2. 

Qian et al.[42] measured the depth of depression in case of both single and two-layered 

liquids for different lance height and flow rate. An equation for predicting depth of 

depression for two stratified liquid was proposed using energy balance: 

 

ρ         2-23 

 

Where 
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Where ὒ is the heightά of the bottom liquid layer, ‎  and ‎  are the specific 

weightὯὫȾάί  of the top and bottom liquid respectively. But this equation was 

found to over predict the experimental data particularly at low lance heights. In case of 

two liquids study, they used water/corn oil and water/kerosene to simulate metal/slag. 

The primary reason for using two different liquids to simulate slag was to investigate 

the effect of slag viscosity on the shape of the cavity. It was found that at higher slag 

viscosity, the oil/water interface is pulled up due to the shear driven flow. Also the 

entrainment of water droplets or air bubbles in the oil is lower at high oil viscosity. 

Turkdogan [43] observed that if the density difference between the two liquid is very 

high the emulsification of the two liquids does not take place.  

Li and Harris [50] used water/cyclohexane to simulate metal/slag in their study and 

proposed an equation for predicting depth of penetration of a gas jet on two stratified 

liquids by doing the pressure balance: 

 

ρ       2-24 

 

This equation was found to represent closely the experimental data when density 

difference between two liquids is small. When ὒ equals zero, equation (2.24) becomes 

the well-known equation (2.20) which was proposed for predicting depth of penetration 

in case of single fluid. 

Meidani et al.[29] used a shrouded supersonic jet (also known as coherent jet) in their 

experimental study to investigate the effect of shrouding gas flow rate on the depth of 

penetration. Only compressed air was used for shrouding the central supersonic jet 

instead of combustion flame. It was concluded that depth of penetration increases with 

increasing shrouding gas flow rates. 
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Nordquist et al.[39] summarized some of the previous studies [35, 42, 44, 46, 51] on 

penetration depth calculation and found that the previous correlations overpredicts the 

depth of penetration for smaller nozzle diameters (less than 2.0mm). A new correlation 

was proposed based on macroscopic energy balance which was found to agree well with 

the experimental data for smaller nozzle diameters (0.8mm) as well as large nozzle 

diameters (more than 2.0mm). 

 

 

Figure 2-13 Schematic diagram of inclined gas jet impinging on a liquid surface. 

 

None of the above mentioned study investigated the effect of lance angle on depth of 

depression of liquid surface. Although Koria and Lange [44] included the effect of 

inclined jetting, the angle of inclination was limited to 0-10
0
 from the vertical in their 

experiment. This range of angle of inclination is used in the multi-nozzle lance of BOF 

steelmaking in order to avoid coalescences between the jets. In Electric Arc Furnace 

(EAF) steelmaking, supersonic oxygen jet is normally injected through the side wall at a 

certain angle from the vertical. Figure 2-13 shows a schematic of inclined jetting on the 

surface of a liquid bath. 
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Collins and Lubanska [52] conducted a number of experiments, long before the 

introduction of inclined oxygen jet in EAF steelmaking, in order to investigate the effect 

of jet momentum, lance angle and distance between lance exit and liquid bath on the 

depth of penetration. In their study, water and air were used as a liquid and gas 

respectively. Using dimensional analysis and experimental results, an empirical 

equation was proposed: 

 

ρ ρω
Ⱦ

       2-25 

 

Where — is the lance inclination angle with the horizontal surface. Other parameters of 

equation (2.25) have been shown in Figure 2-13. This equation fits experimental data 

well for lance angles over 25
0
. From the experimental results it was found that for a 

constant momentum of the jet, depth of depression decreases if the angle of inclination 

from the vertical is increased. Some later investigations [38, 47, 53, 54] also reported 

this phenomenon. This happens due to the decrease in vertical momentum of the jet 

with increasing lance angle. Holden and Hogg [54] showed that as the inclination angle 

of the jet from the vertical (liquid surface) becomes steeper, cavity depth ὴ is 

increased and cavity length (b) is decreased, with a relatively little change in the width 

(cavity width perpendicular to the jet). Lingen [47] found that the volume of the cavity 

with inclined jetting near the bath surface is proportional to ὥὨ  as shown in 

Figure 2-13 in contrast to Collins and Lubanska [52] who reported that the volume of 

depression is proportional to ὴ. 

McGee and Irons [53] studied inclined oxygen lancing in an electric arc furnace by 

using a one-third scale, thin slice model of Dofascoôs Electric Arc Furnace. Distilled 

water and silicon oil were used to simulate steel and slag. Depth of penetration was 

found to decrease with increasing lance height from the bath surface and with the 

increase of lance angle from the vertical. The foamy slag condition was created by 

injecting gas through very small holes (1 mm) from the side wall. It was found that 

depth of penetration is higher for foaming bath condition than that in the still bath 

condition. This is due to the lower density of the foamed water. In order to maintain the 
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dynamic similarity between the full scale furnace and thin slice model, modified Froude 

number similarity was used: 

 

Ὂὶ           2-26 

 

Where ” and ” are the densityὯὫȾά  of gas and liquid respectively, Ὗ is the 

velocity ά  of jet at nozzle exit, Ὠ is the characteristic dimensionά . If Ὠ is smaller in 

the one third scale thin slice model, the supersonic flow becomes subsonic in order to 

maintain the similar modified Froude number. 

In a recent study, Solorzano-Lopez et al.[55] measured the liquid velocity using PIV 

(particle image velocitimetry) at different lance angles. They found that the horizontal 

component of the liquid velocity increases with increasing lance angle from the vertical 

which means that the recirculation of liquid is stronger in case of highly inclined jetting. 

 

2.3.1.2  Droplets  Generation  

When the high speed gas jet impinges on the liquid bath surface, liquid droplets are 

generated and ejected out of the cavity which is known as splashing. Droplet generation 

has both beneficial and detrimental effect. The droplets increase the surface area which 

in turn increases the decarburization rate. On the other hand, it causes wearing of 

refractories and lance tip, skulling on the converter mouth which results in reduced 

diameter of the furnace and hence, makes it difficult to charge raw materials. Some 

model studies of splashing were done by the researchers to investigate the mechanism 

of droplets formation as well as criteria for the onset of splashing. 

Urquhart and Davenport [56] studied droplet generation study in a 1/50 scale BOF 

where oil and NaHCO3 solution was used to simulated to simulate slag and steel. Air 

was injected from the top and the jet velocity was determined using the modified 

Froude number (equation 2.26). It was pointed out that droplet is generated principally 

due to the vertical oscillation of the cavity during gas jetting. They also observed that 
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the horizontal displacement of the cavity results in droplet ejection but this was less 

frequent and more random.  

Holden and Hogg [54] reported that for a given set of physical conditions (lance height, 

lance flow rates, lance angles), surface waves of definite amplitude and frequency are 

generated within the cavity. They also found that as the flow rate is increased, the 

frequency of the waves is also increased until they tend to break up. From physical 

modelling, Peaslee and Robertson [38] showed that as the velocity of the gas jet is 

increased, metal fingers are formed at the edge of the cavity. These metal fingers have 

no structural stability and are eventually torn from the cavity to produce metal droplets 

[38]. Three sources of metal drop formation were identified in their study [38] which 

are 1) tearing of the drops from the edge of the cavity or from the metal fingers, 2) 

tearing of small drops from in-flight drops and 3) recirculation of broken fingers or 

drops back into the jet mainstream. Schematic of splashing due to top and inclined 

jetting is shown in Figure 2-14 below: 

 

 

(a)      (b) 

Figure 2-14 Splashing of liquid due to (a) inclined jetting and (b) top jetting [37]. 

 

In their other study, Peaslee and Robertson [5] reported that when a gas jet impinges on 

a liquid surface, the liquid displaced by the jet and the shearing force of the leaving gas 

jet generates waves inside the furnace. Figure 2-15(a) shows the formation and 

movement of waves during inclined jetting: 
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(a) 

 

(b) 

Figure 2-15 Mechanism of harmonic wave propagation (a) shows formation of the wave 

and (b) shows the movement of the wave [5]. 

 

During blowing, the primary wave increases in height, and both the cavity and primary 

wave move horizontally away from the jet. The liquid displaced by the growth of the 

cavity and the shear stress from high velocity jet generates the force Fjr which increases 

the height of the wave. After 0.1-0.2 seconds, the original cavity moves horizontally 

away from the jet and a new cavity and primary wave starts forming as shown in Figure 
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2-15(b). When the gas jet no longer blows in the original cavity, the forces forming the 

original cavity and wave are removed resulting in an upward movement of original 

cavity and downward motion of primary wave. The major force trying to restore the 

wave and cavity to a smooth surface is the gravity (Fg). This complete the one cycle of 

oscillation of the cavity. The cavity oscillation frequency ranged from 7-8Hz in their 

study [5]. Koria and Lange [44] reported that the cavity oscillates at a frequency of 10-

12 Hz. The magnitude of cavity depth as well as cavity diameter was found to vary by 

20-25% and 10-15% of mean values respectively. McGee and Irons [53] observed 

cavity oscillation frequencies in the range of 6-8Hz in their water modelling study on 

inclined jetting. Peaslee and Robertson [38] showed that oscillation frequency does not 

vary greatly with the lance angle, but only with the lance heights. The frequency of 

oscillation was found to decrease with an increase in lance heights. Lee et al.[37] 

reported from their experimental study that the frequency of oscillation is independent 

of lance angle as long as there is no mode change of the cavity and the lance height and 

flow rates are constant. It was also reported that frequency of oscillation decreases with 

increasing lance height which is in agreement with the previous experimental study [38] 

on inclined jetting. 

Banks and Chandrasekhara [35] observed that for top jetting splashing commences 

when depth of the cavity in water surface reaches a critical value of 0.014m. This is 

known as critical depth of depression. Some later investigations also [8, 40, 43, 51] 

reported the similar criterion for the onset of splashing. 

Chatterjee and Bradshaw [51] carried out numerous room-temperature experiments to 

investigate the effect of liquid properties, gas properties and lance height on the critical 

depth of depression. From their studies it was found that critical depth of depression is 

independent of gas properties, slightly influenced by the lance height but solely 

dependent on liquid properties. With the aid of dimensional analysis, an equation was 

proposed to calculate the critical depth of depression of liquid with different properties: 

 

Ⱦ
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They also measured the volume of liquid splashed during top blowing by collecting the 

liquid droplets in a perspex tray. The tray was divided into five compartments in order 

to investigate the radial distribution of splashing as shown in Figure 2-16.  

 

 

Figure 2-16 Perspex tray for measuring radial distribution of liquid splashed just above 

the bath surface [51]. 

 

Figure 2-17 shows that splashing intensity is highest in the immediate region 

surrounding the cavity and decreases with increasing radial distance from the 

impingement point. It was also reported from their cold modelling study that splashing 

rate increases with decreasing lance height. Experiments performed by Turner and 

Jahanshahi [57] also showed this phenomenon. 

Standish and He [58] measured the volume of splashing by measuring the total amount 

of splash ejected out of the vessel during jetting. Their study showed that splashing rate 

is not a monotonous function of lance height. The splashing rate increases with 

lowering the lance height up to certain point and after that splashing rate decreases with 

decreasing lance height as shown in Figure 2-18. This occurs due to the transition from 

splashing mode to penetrating mode as described by Molloy [36]. They [58] also 
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observed that the proportion of large droplets increases with increasing top gas flow 

rate. At a constant top gas flow rate, splashing rate was found to increase with bottom 

gas flow rate [57, 58]. 

 

 

Figure 2-17 Influence of jet momentum on radial distribution of droplets [51]. 

 

 

Figure 2-18 Variation of droplet generation rate with lance heights.[58]. 














































































































































































































































































































































































