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Abstract 
The most widely used process used to reduce iron ore and to produce pig iron is the blast furnace. The 

blast furnace is a large source of CO2 emissions since it is a coal based process and due to that the main 

energy source and reducing agent is coke, it is difficult to reduce these further. IRONARC is a new 

method used to produce pig iron by reducing iron ore and all the energy used for heating comes from 

electricity, which gives the opportunity to use renewable resources. The process uses plasma generators 

that inject gas at high temperature and velocity into a slag that consists of iron oxides. The iron oxides 

are reduced in two steps that appear by using gas as reduction agent in the first step and carbon in the 

second step.   It exists in a smaller pilot plant scale and this project was the first step in the future 

upscaling of the IRONARC process.  

Computational Fluid Dynamics (CFD) modelling was used and the goal was to determine the penetration 

depth of the IRONARC pilot plant process by numerical simulation in the software ANSYS FLUENT. The 

penetration depth is of importance because to be able to scale up the process it is important to know 

the flow pattern and the structure of the flow in the process, which is dependent on how far into the 

slag the gas reaches.  

Two numerical models were made. First an air-water model that described the initial penetration of air 

injected into water. The air-water simulation was made with parameters and data from an experiment 

found in literature. This was done to build an accurate CFD model for the penetration depth in FLUENT 

and validate the model with the results of the penetration depth from the experiment. The air-water 

simulation gave good and promising results and yielded the same result regarding the penetration depth 

as the experiment.  The model for the penetration depth was then used with the IRONARC geometry 

and parameters. After simulation the penetration depth of the IRONARC process was determined. For 

the future, the penetration depth of the pilot plant needs to be measured and compared with the 

simulated result for the penetration depth.  
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1 Introduction  

1.1 Background 

To reduce iron ore and to produce pig iron the process that is most widely used today is the blast 

furnace process. The iron ore based steel production is a large source of CO2 emissions for the iron and 

steel industry, since almost all of the iron reduction processes are coal based [1] [2].  Worldwide the CO2 

emissions in the iron and steel industry stands for about 4.6% of the total CO2 emissions and the 

removal of emissions have not gotten the attention that is needed in order to be reduced.  In addition to 

the large amounts of emissions that are emitted from the iron and steel industry, it also is the industry 

that consumes largest amount of energy. A lot of research has been made in order to get a more energy 

efficient production of pig iron [2] [3] [4] [5]. The pig iron production in a blast furnace have become 

more efficient, but since  the blast furnace still uses coke as the main energy source it is difficult to get 

further improvements regarding the CO2 emissions and to reduce these [3].  

There are also a lot of residues like sludge, soot and other iron and coal rich materials that are created 

during the pig iron production in the blast furnace [6]. These residues are hard to reintroduce to the 

process chain and therefore new technology for producing pig iron would be of interest to reduce the 

energy consumption, the amount of residues and the amount of emitted emissions, like CO2.  

 

Figure 1: Schematic picture of the IRONARC process (pilot plant). 

 

IRONARC is a process developed by ScanArc and it is used for pig iron production, where all the energy 

that is used for heating comes from electricity. The IRONARC process exists in a pilot plant scale and a 
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schematic picture of the process can be seen in Figure 1.  The future goal is to continuously scale up the 

process to an industrial scale and become an alternative process to the blast furnace. Electricity is the 

applied power for the plasma generator that melts the material by injecting gas, at high velocity, 

through a nozzle placed at the side of the reactor at a temperature around 4000 °C. The gas is heated to 

around 20000 °C in the plasma generator, but decreases to 4000 °C when injected into the slag. The slag 

temperature is around 1400 °C. There are two reduction steps: the first is where the slag that contains 

of hematite (Fe2O3) is reduced to iron oxide (FeO) and in the second reduction step the FeO is reduced 

to Fe(pig iron). For the future industrial scale, which is a continuous process, the two steps appear at 

different reactors. For the first reactor step the reducing agent is CO gas, which can be extracted from 

the second reactor. The Coal is only used in the final reduction step, where the iron oxide chemically is 

reduced to pig iron. Since all energy for heating the charged material comes from electricity; the 

opportunity to use renewable energy sources is given. The gas from the final reduction step is 

recirculated in the process which gives an efficient energy usage of the gas. A schematic picture of the 

IRONARC process can be seen in Figure 2. All the material is melted in the first step of the process and 

the physical properties of the charged material are therefore not as important and make it possible to 

recycle iron-rich byproducts in the process. In the present process, the reduction steps appears in the 

same container at smaller scale and the second reduction step for this process is the one that is 

investigated in this work. 

 

Figure 2: Schematic picture of the IRONARC process (industrial). 



7 
 

To be able to scale up the process, the understanding of the flow pattern and its behavior is important 

as well as the behavior of the injected gas beam and the penetration depth of the beam. The 

penetration depth of the gas into the slag bath is of importance, since the structure of the flow is 

dependent on how the gas plume is distributed in the melt and the distribution of the plume is 

dependent on how far into the slag the gas penetrates.  This study is the first step in the up scaling of 

the IRONARC process. The penetration and primarily the penetration depth of the gas beam will be 

investigated at a specific gas flow rate by Computational Fluid Dynamics (CFD) modeling in ANSYS 

FLUENT™. The results from the CFD modeling will be compared to available literature data to get the 

model as accurate as possible. Pilot plant tries will also be made together with experimental 

measurements and collection of operational data will be used to validate the numerical models. The 

IRONARC geometry for the pilot plant will also be made in FLUENT, for future investigation of mixing 

time and other important parameters.  

1.2 Aim of thesis 

This project will be a first step in the upscaling of the IRONARC process. The ambition is to use CFD 

modelling to model the inflow of gas from the plasma generator where the penetration depth of the gas 

beam will be examined. The idea is to get both the model of the penetration depth of the pilot plant as 

accurate as possible so that the model represents the actual pilot plant process as good as it can. The 

aim of the process is therefore to present a model that corresponds to the IRONARC pilot plant scale 

and determine the penetration depth of the gas beam from the plasma generator into the slag bath. 
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2 Theory 

2.1 Penetration of gas into liquid bath 

During gas injection into a liquid bath through a submerged nozzle, placed horizontally on the vessel 

wall, a gas jet moves through the liquid. The liquid that the gas is injected into will make the jet expand 

and slowdown in speed and the distance the jet will reach into the liquid bath depends on several 

factors; the gas flow rate, the physical properties of the liquid and gas etc. When the gas have reached 

this distance, the penetration depth, the horizontal speed will be low and the gas will split up into a 

swarm of bubbles and the gas bubbles will move in the vertical direction upwards, due to buoyancy. The 

movement of the bubbles will make the surrounding liquid move as well and a flow is created in the 

liquid bath [7]. This flow is turbulent which results in good mixing conditions between the gas and liquid 

phases with a fast mass transfer rate between these. The transition of the gas jet into a swarm of 

bubbles gives large contact area between the gas and liquid phases [8].  

 

Different phenomenon occurs during gas injection into a liquid bath, some at different stages or at 

different length scales. When observing the gas injection near the nozzle there are phenomenon like 

creation of bubbles, coalescence of bubbles and bubble break ups. When observing the entire bath, the 

overall flow is more important to study and not the small individual bubbles [9].  

The gas flow rate, the bath depth and the type of gas injected influences the different phenomenon that 

occurs in a bath. For lower gas flow rates the bubbles don’t co-operate and interact with each other, 

that well, and the gas plume consists of individual bubbles, this is known as the bubbling regime. The 

more the gas flow rate is increased, the turbulence of the gas plume increases and the bubble 

interaction becomes more significant. Coalescence of bubbles and bubble break up appears during this 

stage as well as for the lower gas flow rate and this is known as the transition regime between the 

bubbly and jet regime. The next regime that is formed is the jet penetration regime, which occurs with a 

further increase in gas flow rate. The gas bubbles have a strong interaction and create a gas jet that 

moves through the liquid. The continuous flow of gas at high velocity makes the gas penetrate a certain 

distance into the liquid bath before the gas jet transitions into bubbles [9] [10]. A steady jet is defined by 

smaller expansion angle, larger penetration into the bath and gives a dispersion of gas that is finer. 

Depending on the gas and liquid properties, these regimes occurs at different Froude numbers [10].  
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As mentioned earlier the penetration depth or penetration length depends on several different factors. 

Lower blowing pressure, i.e. lower gas flow rate, results in shorter penetration and the gas will then rise 

closer to the wall behind the nozzle. This has negative effects on the refractory life, since it increases the 

refractory wear on the nozzle wall. It also decreases the mixing in the bath since the bubbles isn’t 

distributed in the entire bath. The properties of the liquid and gas affects the penetration depth and the 

penetration depth of the jet increases with increased modified Froudes number, NFr’, and increased ratio 

of gas density over liquid density, ρg/ρl [10]. The penetration depth has also been shown to be more 

dependent on the gas flow rate than on the bath height [11]. Back penetration also occurs during 

injection of gas into a liquid and is the gas that moves in behind the nozzle tip. The back penetration 

increases for bubbly flows, low ratio of ρg/ρl and low NFr’ [10]. It is important to know the penetration 

depth, since the structure of the flow is dependent on how the plume is distributed in the melt.  The gas 

plume has shown to give rise to two different mixing zones in the bath; a smaller mixing zone on the 

wall behind the nozzle and a larger mixing zone on the wall in front of the nozzle [12].  

With an increased penetration depth the recirculation area is moved away from the nozzle towards the 

opposite wall [11]. A smaller nozzle diameter has also shown to increase the penetration depth [12]. The 

penetration depth can be estimated by equation ( 1 ), which can be seen below. 

 𝑙𝑝 = 10.7𝑁𝐹𝑟′
0.46𝑑0 (

𝜌𝑔

𝜌𝑙
)
0.35

 ( 1 ) 

Where, equation( 2 ), shows the modified Froude number: 

 𝑁𝐹𝑟′ = (
𝜌𝑔𝑢0

2

𝑔(𝜌𝑙 − 𝜌𝑔)𝑑0
) ( 2 ) 

Where lp is the penetration depth, d0 is the nozzle diameter, g is the gravitational acceleration constant, 

ρg and ρl is the density for the gas and the liquid respectively, 𝑁𝐹𝑟′  is the modified Froude number and 

u0 is the velocity of the gas at the inlet. 

The expansion angle of the gas jet, which are the angle of the cone shape the gas obtains when injected 

into the liquid, are also affected by the properties of the liquid, like density and surface tension [10]. The 

suggested property that has the dominant influences on the expansion of the jet is the density of the 

liquid [8]. Earlier research have shown that for air injected into water the cone angle of the jet is 20 

degrees and for air into mercury 155 degrees, where the density of the mercury are clearly higher than 

of water. For molten steel the cone angle is said to be somewhere between 20 and 155 degrees [7] [8].  
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For gas injection into liquid melts, the liquid phase might stick and solidify on the tip (due to cooling 

effects of the colder gas) of the nozzle and thereby prolong the nozzle. This phenomenon occurs more 

often for the bubbly flow regime than for the gas jet [10].  

During injection of gas into a liquid bath, the gas can give rise to a wave throughout the liquid body, i.e. 

an oscillation. Large amplitude of the motion of the wave can cause vessel vibrations and melt loss and 

are dependent on the gas flow rate, the geometry of the container/tank, the injection nozzle shape and 

position and also the bath depth [9]. The side wall nozzle placement is also of importance to minimize 

dead zones in the bath. The lower the nozzles are placed the higher will the bubbles rise through the 

bath and increase the mixing, but if the nozzles are placed too close to the bottom the wear on the 

refractory bottom will increase [12].  

Gas jet of air that was blown into liquid mercury through a horizontal, submerged, nozzle was 

investigated by Hoefele and Brimacombe. The authors investigated the gas volume fraction in the jet 

and measured it along with the bubble frequency. The authors also investigated the jet penetration in 

the liquid bath. It was shown that the jet core have a concentration of gas that is high and that is 

gradually diminishing further from the core towards the jet edge. The bubble frequency is showing the 

same tendency, with more bubbles at the core and a gradual decrease towards the edge of the gas 

plume. The jet also seems to expand quickly when leaving the nozzle and with a penetration in the bath 

that is short. The author’s explanation to the large expansion angle was that it probably happens 

because of the physical properties of the mercury, since a change in Froude number or nozzle diameter 

didn’t change the expansion angle. The expanding of the jet also appeared behind the nozzle, but little 

below it [8].  

2.2 Computational Fluid Dynamics and ANSYS FLUENT 

Computational fluid dynamics is an essential tool within fluid dynamics and is used to describe flows and 

similar phenomena by differential equations, which are solved numerically by computers. It is also used 

to optimize and solve problems regarding fluid flows. By using CFD simulations knowledge and detailed 

information can be obtained of processes and products. It also makes it possible to gain knowledge 

about new processes and products by evaluating these in the computer, even before the actual 

prototype has been constructed [13].  

ANSYS Fluent, which is used in this project, is a CFD-program and is based on the finite-volume method 

(FVM) as discretization method and it uses local conservation. When solving the differential equations 
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numerically the FVM divides the computational domain into a finite numbers of small cells (so called 

control volumes) and the conservation equations are applied for each individual cell. This results in an 

algebraic equation for every computational cell and a set of algebraic equations for the domain, which 

then are solved numerically in an iterative way [13]. The calculation in every cell is done at the 

computational node which is placed at the centroid of the computational cell [14]. 

2.3 Governing equations 

Computational fluid dynamics are based on the following fundamental governing equations; the 

continuity equation, the momentum equation and the energy equation. These equations are the 

mathematical descriptions or statements of the physical principles that mass is conserved, Newton´s 

second law and that energy is conserved [15]. These equations are nonlinear partial differential 

equations in a coupled system and can be in conservation or non-conservation form. The conservation 

form is obtained when observing a fixed control volume in space and the physical principle is applied 

and the non-conservation form is obtained when observing a fluid element that moves with the flow 

field [16].   

2.3.1 Continuity Equation 

The continuity equation is based on the physical principle that mass is conserved. This means that all the 

fluid particles that flow into a control volume must flow out and the net flow is equal to zero. The 

amount of mass flowing out of the control volume is therefore equal to the amount flowing in or equal 

to the decrease in mass with time inside the control volume [15]. The continuity equation in 

conservation form can be seen in equation ( 3 ). 

 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌�⃗� ) = 0 ( 3 ) 

 

For continuity equation in cartesian coordinates see equation( 4 ). 

 
𝜕𝜌

𝜕𝑡
+

𝜕𝜌𝑣𝑥

𝜕𝑥
+

𝜕𝜌𝑣𝑦

𝜕𝑦
+

𝜕𝜌𝑣𝑧

𝜕𝑧
= 0 ( 4 ) 

 

Where ρ is the density, V the velocity and t is time. In equation (3)The first term is the advective term 

and represents the density change in time. The second term is the convective term and is the net rate 

mass flow of a control volume.   
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2.3.2 Momentum Equation 

The momentum equation is based on the physical principle of newtons second law and says that net 

force that acts on the fluid is equal to the mass of the fluid element times the acceleration of the 

element [15]. 

Momentum equation, which is described by the Navier-Stokes equations and can be seen in equations: ( 

5 ), ( 6 ) and ( 7 ) for directions in x, y and z. 

 

𝜕(𝜌𝑣𝑥)

𝜕𝑡
+ ∇ ∙ (𝜌𝑣𝑥�⃗� ) = −

𝜕𝑃

𝜕𝑥
+

𝜕𝜏𝑥𝑥

𝜕𝑥
+

𝜕𝜏𝑦𝑥

𝜕𝑦
+

𝜕𝜏𝑧𝑥

𝜕𝑧
+ 𝜌𝑓𝑥 

 

( 5 ) 

 

 
𝜕(𝜌𝑣𝑦)

𝜕𝑡
+ ∇ ∙ (𝜌𝑣𝑦�⃗� ) = −

𝜕𝑃

𝜕𝑦
+

𝜕𝜏𝑥𝑦

𝜕𝑥
+

𝜕𝜏𝑦𝑦

𝜕𝑦
+

𝜕𝜏𝑧𝑦

𝜕𝑧
+ 𝜌𝑓𝑦 ( 6 ) 

 

 
𝜕(𝜌𝑣𝑧)

𝜕𝑡
+ ∇ ∙ (𝜌𝑣𝑧�⃗� ) = −

𝜕𝑃

𝜕𝑧
+

𝜕𝜏𝑥𝑧

𝜕𝑥
+

𝜕𝜏𝑦𝑧

𝜕𝑦
+

𝜕𝜏𝑧𝑧

𝜕𝑧
+ 𝜌𝑓𝑧 ( 7 ) 

 

Where v is the velocity, 𝜌 is the density, 𝑃 is the pressure, τ is the stress, 𝑓 is the body force per unit 

mass acting on the fluid element and 𝑡 is time.  

2.3.3 Energy equation 

The energy equation is based on the physical principle that energy is conserved. This means that the 

amount of energy within the control volume is constant. Energy is not created and not destroyed inside 

the control volume, but energy can be converted from one form to another [17]. The change rate of 

energy of a fluid control volume is equal to the net flux of heat within the control volume plus the rate 

of work done on the fluid control volume due to both body and surface forces [15] [18].  

For the energy equation in conservation form, see equation ( 8 ): 
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𝜕

𝜕𝑡
[𝜌 (𝑒 +

𝑉2

2
)] + ∇ ∙ [𝜌 (𝑒 +

𝑉2

2
�⃗� )]

= 𝜌�̇� +
𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) −

𝜕(𝑣𝑥𝑝)

𝜕𝑥

−
𝜕(𝑣𝑦𝑝)

𝜕𝑦
−

𝜕(𝑣𝑧𝑝)

𝜕𝑧
+

𝜕(𝑣𝑥𝜏𝑥𝑥)

𝜕𝑥
+

𝜕(𝑣𝑥𝜏𝑦𝑥)

𝜕𝑦
+

𝜕(𝑣𝑥𝜏𝑧𝑥)

𝜕𝑧

+
𝜕(𝑣𝑦𝜏𝑥𝑦)

𝜕𝑥
+

𝜕(𝑣𝑦𝜏𝑦𝑦)

𝜕𝑦
+

𝜕(𝑣𝑦𝜏𝑧𝑦)

𝜕𝑧
+

𝜕(𝑣𝑧𝜏𝑥𝑧)

𝜕𝑥
+

𝜕(𝑣𝑧𝜏𝑦𝑧)

𝜕𝑦

+
𝜕(𝑣𝑧𝜏𝑧𝑧)

𝜕𝑧
+ 𝜌𝑓 ∙ �⃗�  

( 8 ) 

Where �̇� is the rate of volumetric heat addition per unit mass is, 𝜌 is the density, v is the velocity, 𝑇 is 

temperature, 𝑒 is the internal energy per unit mass, τ is the stress, 𝑓 is the body force per unit mass 

acting on the fluid element, the term 
𝑉2

2
 is the kinetic energy per unit mass, 𝑘 is the thermal conductivity 

and 𝑡 is time. 

2.4 Volume of Fluid 

The volume of fluid (VOF) is a numerical method for multiphase flow simulation where the interface 

between the different phases is of interest. All of the phases are handled as continuous, but this model 

doesn’t permit the different phases to interpenetrate. It can be used to model two or more immiscible 

fluids and track the volume fraction of the different fluids in each cell through the whole domain [19]. 

The free surface, i.e. the interface between the fluids, are tracked and located. The basic idea behind the 

Volume of fluid model is that it uses a scalar quantity α that corresponds to the volume fraction of a 

phase, phase 1, in a cell. If α=1 that means that the entire cell exists of phase 1. If α =0 the entire cell will 

exist of phase 2. If α is in the interval 0< α <1, this means that both of the phases are present in the cell 

and that the interface between the phases are located in the cell [20]. The model is effective and flexible 

when difficult and complex free boundary configurations, such as movement of interface between 

different fluids, are to be simulated [21]. VOF is one of the most widely used models for interface 

tracking and is also used in this project [22]. 

2.5 Turbulent flow 

Below the critical value of the Reynolds number the flow particles follows a straight line or path parallel 

to each other. If a fluid flows of through a pipe, the flow particles will be parallel to the pipe walls and all 

the particles will have a movement that is in the same direction, the flow is laminar. Turbulent flow, on 

the other hand, is an unsteady flow where the Reynolds number has increased over its critical value, in 
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the particular case. The fluid particles no longer flow in the same direction, but in several different 

directions. A schematic picture of laminar and turbulent flow can be seen in figure 3. The critical value of 

Reynolds number will differ depending on what kind of system that the flow is investigated in. In 

turbulent flow, velocity components and other parameters like pressure and density will vary with time 

and creating this unstable and chaotic flow pattern. This unsteadiness in turbulent flow makes it harder 

to predict than the stable laminar flow. The expression for Reynolds number can be seen, below, in 

equation( 9 ) [23] [24].  

 𝑅𝑒 =
�̅�𝑑

𝑣
 ( 9 ) 

 

Where 𝑣 is the kinematic viscosity, d is the characteristic length and �̅� is the velocity of the fluid [25]. 

Reynolds Number is a dimensionless parameter and describes the ratio of the inertial forces to the 

viscous forces [26]. The inertial forces are the characteristic that expresses how much the fluid want to 

retain its constant velocity, if outside forces are not counted on. If the inertial forces are high, the fluid 

will try to resist any changes in velocity. A fluid with small inertial forces will easy change its velocity 

when an internal or external force acts on it. Inertial forces of fluids are achieved by interactions that are 

nonlinear, in the flow field.  Instabilities can be caused by the nonlinear interactions and make the flow 

grow and in turn create an unstable turbulent flow.  The viscous forces are forces in the fluid that resists 

the fluid to flow when an external force is applied that influences the fluid [27]. There are several 

different models that can be used in CFD for simulating turbulence and it’s important to use a well-

known and tested model to be able to get as accurate solutions as possible. The two equations K-ε 

model has been used in this project and is described in the following section. 

 
Figure 3: Shows an illustration of turbulent and laminar flow [28]. 
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2.5.1 k-ε model 

The k-ε model is a two equation turbulence model that solves the turbulence kinetic energy (k) and 

dissipitation rate (ε) transport equations. By solving these two equations it determines both the 

turbulent length and time scale. There are three different k-ε models and all three solves the kinetic 

energy and dissipation rate transport equations in different ways. The three k-ε models are; Standard, 

Realizable and Renormalization Group (RNG) [ANSYS Webinar] [19] [28]. The Realizable and RNG models 

are modifications of the standard model and were developed due to some limitations of the standard K-

ε model [29]. The transport equation for the kinetic energy for the three different models is similar; the 

thing that differs is the model constants and the transport equation for the dissipation rate [30].  

2.5.1.1 The standard k-ε model  

The standard model was the first developed and hence the most simple one of the three and is a semi 

empirical model. The constants used in the dissipation rate equation are defined empirically and this 

equation was determined by physical logical thinking and reasoning. While the expression for the 

turbulence kinetic energy is completely derived from the equation. This model is the most frequently 

used and tested model, but it has its advantages as well as its disadvantages, depending on what kind of 

turbulent flow that is of interest [29]. The standard model derivation from the Navier-Stokes equations 

is based on the assumption that the flow is completely turbulent and the model should therefore be 

applied for flows that are fully turbulent. Another assumption is that the impact of molecular viscosity is 

considered neglected [19] [31] [28]. However, the model has shown to be successful and can handle to 

predict the turbulent shear flows for geometries that are more complex and therefore this model is of 

interest, in turbulence modeling purposes, for the industry and many engineering applications. Another 

reason is that the model is robust, have an accuracy that is enough for a number of turbulent flows 

including flows in multiphase systems and flows where chemical reactions appears [19] [29] [28]. The 

specified equations for the K-ε standard model can be seen in equations ( 10 ), ( 11 ) and ( 12 ). 

 

The equation for the Kinematic eddy viscosity, vt:  

 vt = 𝐶µ

𝑘2

𝜀
 ( 10 ) 

 

The equation for the turbulence kinetic energy, k: 
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The equation for turbulence dissipation rate, ε: 
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Cε1, Cε2 and Cµ are constants. σk and σε are Prandtls turbulence numbers for the turbulence kinetic 

energy and the turbulence dissipation rate [29]. 

2.5.1.2 Realizable k-ε model 

The Realizable model is an improvement of the standard model and the two main differences between 

these models is that the realizable model includes a new formulation of the turbulent viscosity. Where 

the viscosity constant, is not constant, but computed. It also has a new equation for the dissipation rate 

[30]. 

2.5.1.3 RNG k-ε model 

RNG K-ε model was derived by using a technique labeled renormalization group theory (RNG). This is a 

strict statistical technique and is refined from the standard model, in some ways. The accuracy for 

turbulent flows that contains swirls has been improved, by including the swirling effect on turbulence.  

In the equation for the dissipation rate an additional term have been added to increase the accuracy for 

rapidly strained flows. The prandtls number are not constant values, but are derived by an analytically 

formula. It also provides a solution that accounts for low Reynolds number and not just for high Reynold 

numbers as in the standard model. This is done by a derived differential formula for the effective 

viscosity. These improvements make the RNG-model usable for a greater range of flows. For additional 

information and the equation for the RNG model see source [32].  
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3 Method 

3.1 General simulation steps in ANSYS FLUENT 

 

 

Figure 4: shows a schematic picture of the different steps during a simulation. If some errors occur in a certain step, the 
settings for that particular step have to be redone. This is illustrated by the arrows above the textboxes. 

The simulation in Ansys is done stepwise and the first step is to create the geometry. The geometry is 

sketched in the DesignModeler (DM) or it can also be imported as an already existing geometry, created 

in another program. In these simulations the geometry is created in DM. The created domain in the 

geometry are defined as solids or fluids, in this case fluids. Surfaces like, inlet, outlet and walls etc are 

defined in this step or in the meshing step. When the geometry is finished the meshing is to be done. 

During the meshing, a grid of alternative size is applied to the geometry. The size of the grid cells is 

chosen and different parts of the geometry could be meshed with different grid size. After the meshing 

of the geometry, the set-up of the simulation is to be made. In the set-up step all the settings for the 

simulation is determined, including the models that is going to be used during the simulation. 

Depending on what kind of simulation that is performed different models can be applied. Some 

examples of models that can be used are models for multiphase flow; one is called VOF (Volume of 

Fluid). Another model is the K-ε model, used to simulate turbulence in the system. There is many other 

models that can simulate for example; Radiation, heat transfer, solidification and melting etc. The 

materials are selected with its properties, like density and viscosity. And the phases of the materials are 

chosen as well. In the set-up, boundary conditions at the defined surfaces are set, like; inlet velocity, 

temperature, specified features of inlet and outlet, wall features etc. in the calculation settings the time 

step size and number of time steps is set, as well as the amount of iterations per time step. Other 

adjustments can also be made in order to get the simulation calculation as accurate as possible. A 

schematic picture of the different steps during a simulation can be seen in figure1. If some settings are 

incorrect in some step, the simulation can’t proceed and the error has to be solved. Then the step that 

contains an error or is inaccurate is adjusted. Adjustments of the different steps take place continuous 

and are illustrated in figure 4.  
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3.2 Process chart of the work 

 

 

Figure 5: Schematic picture of the work flow. 

Figure 5 shows a process chart of the work flow that is used in order to reach the goals in this project. 

First the parameters of a water experiment of a process as similar to the IRONARC are used as input 

variables in FLUENT. The model in fluent will be as similar to the experiment as possible to get as god a 

representation as possible. Then the result of the penetration depth from the experiment is compared 

to the penetration depth obtained in FLUENT and when the simulated penetration depth is close to the 

one from the experiment, the model is considered validated. The obtained model is used with the input 

variables and parameters from the IronArc pilot plant process and a model for the penetration depth of 

the IronArc process is made and the gas penetration depth into the slag is determined. The penetration 

depth will also be calculated with equation (1), for both the air in water and air in slag. The calculated 

results will be compared to the simulation results.  
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3.3 Method for CFD Simulation of physical experiment 

A CFD simulation in ANSYS was made that was similar to the experiment made by Martin Bjurström et al 

[11], where the authors studied the fluid flow and gas penetration in the AOD process by a physical 

experiment. A model made of acrylic plastic was used that represented the AOD converter. It was filled 

with water that corresponded to the molten steel, due to their similar viscosities, in the actual converter 

and a nozzle inlet placed at the side of the plastic model. Air was blown in through the nozzle and both 

the air flow rate and bath height was changed to see the impact these parameters had on the 

penetration depth of the gas. The results from the experiment can be seen in figure 6. The penetration 

depth of 7 cm is the one of interest since the gas flow rate that is going to be used is 800cm3/s with a 

bath depth of 11 cm.  

 

Figure 6: Penetration depth of air in water for different gas flow rates with a bath depth of 11 cm [11]. 

This CFD simulation was done in order to validate the model set up and when the model was made 

correct and reflected the experiment, the parameters was change so it corresponded to the IronArc 

process.  

The same bath height was used in the simulation as in the experimental model, as well as the same gas 

flow rate. The penetration depth in the CFD model was then be compared with the experimental results 

of the penetration depth. Some delimitation was made in the simulation of the experiment. Instead of 

the acrylic plastic container the body in the simulation was only represented by the liquid water. The 

interface in the experiment between the water surface and the air above it was represented as the 

outlet the CFD simulation and hence the air above the water was not included in the simulation. The 

geometry of the bottom was also different in the simulation than in the experiment, the round edge at 

the bottom was not included. No information regarding the nozzle length was given in the experimental 
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setup and therefore the nozzle tip in the simulation geometry was as far into the water as the nozzle tip 

in the experiment, i.e. the inlet was placed at the same distance into the water in both cases. The length 

of the nozzle plays a minor role in this context because the inlet surface is chosen as the nozzle front. 

The length of the nozzle in the simulation only decides how far into the liquid body the air beam 

penetrates the water at the beginning of the simulation.  In the physical experiment the measurements 

of the penetration depth started when the flow was stable after at least 30 seconds. Due to that these 

simulations are very time consuming a quick estimation of the time required for 30 seconds of flow 

simulated was estimated to approximately 46 days. This was based on a test simulation with a step size 

of 0.0001s and 100 time steps. Because of the time schedule of this thesis, 30 seconds of flow simulated 

was not realistic and therefore the flow time simulated depends on the penetration depth. When the 

penetration depth was estimated from the simulation, i.e. when the gas reached the outlet and no 

larger fluctuations occurred, the simulation was stopped.  

3.3.1 Geometry  

The geometry was made in Ansys DesignModeler, with the same dimensions as in the physical water 

experiment. Some changes were made; instead of rounded edges, the geometry has the shape of a 

cylinder with shaper edges, due to that the penetration depth is of importance and it should not be 

affected by the rounded edges at the bottom of the geometry. The inlet at the nozzle is placed at the 

same position as in the experiment, 2.5 cm from the cylinder wall and 2 cm from the bottom and with a 

diameter of 0.3 cm. The diameter of the cylinder is 20 cm with a height of 11 cm. The geometry and its 

dimensions can be seen in figure 7.  

 

Figure 7: shows the geometry of the model with the inlet and outlet. 
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A box was made inside the geometry so that when the mesh was applied and was to be refined, the 

finer mesh would not cover the entire domain, only the box, i.e. the area where the gas flows through. 

The box has following dimensions: height 11 cm, width 5 cm and a length of 10 cm. The box was placed 

0.5 cm in front of the nozzle inlet and the idea is that the volume of the box covers the area where the 

injected gas beam flows inside the domain. The geometry and position of the created box can be seen in 

figure 8.  

 

Figure 8: Shows the geometry and position of the box. The function of the box is that the mesh were refined only in the box 
and adapted to the entire domain, by the Cut cell method for meshing. 

3.3.2 Meshing 

Three different meshes were applied to the geometry, with different size on the mesh cells; a coarse 

mesh, a medium mesh and a fine mesh. The number of elements for each mesh is 22000, 64000 and 

181000. Pictures of these three different meshes can be seen in figure 9, figure 10 and figure 11. The 

different meshes were tested to see how the amounts of elements in the mesh affected the simulated 

results.  The meshing technique used in ANSYS was Cut Cell. This method generates a mesh with 

hexahedral cells in a Cartesian layout. The meshing can be made on sharp edges by using different 

element types depending on surface and are used for complex geometries for CFD simulations [33]. To 

reduce the simulation time a box was created inside the domain. To change the total mesh size, the 

mesh cell size in the box is changed. By doing this the areas where no gas is present gets a coarser mesh 

than the mesh in the box, which in turn reduces the time cost for the simulation. Outside the box a 

transition area is created by fluent where the cell size gets bigger further away from the box. This is 

illustrated in figure 10 and 11. Then the cut cell meshing technique generates a mesh for the geometry 

depending on the chosen element size in the box. 



22 
 

  

Figure 9: Coarse mesh, shown from above and from the side. 

  

Figure 10: Medium mesh, shown from above and from the side. 

 

  

Figure 11: Fine mesh, shown from above and from the side. 
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3.3.3 Numerical Setup 

The entire doman was set as fluid and the volume fraction of air was set to one the inlet. The inlet was 

set as velocity inlet at the nozzle tip and the entire upper area of the cylinder was set as pressure outlet 

and represents the upper surface of the water.  The wall and bottom of the cylinder shaped container 

and the nozzle pipe is treated like stationary walls with no slip condition. The boundary conditions can 

be seen in table 1. The inlet and outlet in the domain can be seen in figure 12. The fluids used in the 

simulations were air that was injected from the inlet and water within the entire domain. The values 

were set as default for the density and viscosity, for both air and water, respectively. The specific value 

of the air density can be seen in table 2 together with the parameters in the turbulence model. The 

models that were used in the simulation were the multiphase model VOF and the Realizable k-ε 

turbulence model. Standard wall functions were used to describe the near wall flow. At first simulations 

were tested with the standard k-ε turbulence model, but the solution did diverge and not converge as 

wanted. The velocity magnitude of the air at the inlet was calculated by using the value of the gas flow 

rate (800cm3/s) and the diameter of the inlet in equation (13), which gave a velocity magnitude of 

113.178m/s at the inlet. 

 𝑣 =
𝑄

𝐴
 ( 13 ) 

Where v is the velocity, Q is the gas flow rate and A is the surface area of the inlet. The impact of gravity 

was considered by setting the gravitational acceleration to -9.81m/s2 in the y-direction. An adaptive 

time step was used for the simulation with a global courants number of 2. The average time step size 

was around 6·10-6 s. The solution methods used can be seen in table 3. 

 

Figure 12: Illustration of how the penetration depth was measure, as well as the inlet and outlet of the domain. 
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Table 1: Boundary conditions used in the simulations for the domain 

Boundary  Boundary conditions 

inlet 

Velocity inlet 

Velocity: 113 m/s 

Fluid: 100% air 

Turbulent intensity: 5% 

Turbulent viscosity ratio: 10 

outlet 

Pressure outlet 

Gauge Pressure: 5% 

Backflow turbulent viscosity ratio: 10 

Backflow volume fraction: 0 

walls 
Stationary walls 
No slip condition 

 

Table 2: simulation constants for the fluids and the realizable k-e turbulence model 

Fluid constants   
Parameters for 

turbulence model 

Air 
ρ = 1.225 kg/m3 

  Cμ = 0.09 

  Cε1 = 1.44 

μ = 1.7894e-5 kg/ms    Cε2 = 1.90 

Water 
ρ = 998.2 kg/m3 

  σk = 1 

  σε = 1.2  

μ = 1.003e-3 kg/ms   
  

Table 3: Solution methods used for the simulations 

Solution Methods 

Scheme: Piso 

Gradient: Least square cell based  

Pressure: PRESTO! 

Momentum: Second Order upwind 

Volume Fraction: Geo-Reconstruct 

Turbulent Kinetic Energy: First order upwind 

Transient Formulation: First order implicit 
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3.4 Method for IRONARC Simulation 

3.4.1 Geometry 

The domain geometry used in the simulations for the penetration depth can be seen in Figure 13. It is 

sized as the pilot plant, scale 1:1, but the whole geometry was not considered. Since it is the penetration 

depth that is investigated and of interest, just the inlet part of the geometry was considered. Some part 

above and below the nozzle were needed to be included, in order to make the simulation work. To 

investigate the penetration depth this geometry is big, because of the time cost of these simulations.  

 
Figure 13: Geometry of the domain. 

 

Because of the large domain, similar for the water model, a box was created in front of the nozzle. This 

enables a finer mesh where the gas penetrates the slag and gives coarser mesh in the other parts of the 

domain that are not of interest in this specific case. The geometry of the box and its positioning within 

the domain can be seen in figure Figure 14.  
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Figure 14: Geometry and position of the box that was created within the domain. 

3.4.2 Meshing 

The domain was meshed with the meshing technique Cut Cell and the sizing of the mesh was set to a 

cell size of 3.5e-3 m within the box in front of the nozzle which gave 296697 elements and 319886 nodes 

in the domain. The sizing of the box gives a refined mesh at the important area where the air is 

penetrating the slag. The minimum size within the domain was 1.05·10-3 and maximum size 0.134, these 

were set by default. The mesh used for the IRONARC simulation can be seen in figure 15.   

 

Figure 15: the mesh used for the domain that corresponds to the IRONARC pilot plant simulation 
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3.4.3 Numerical Setup 

The entire domain was set as fluid and at the inlet the volume fraction of air was set to one. Since it is 

the second reduction step that is simulated, which is done by adding carbon, the gas injected in the 

simulation was decided to be air after discussion with ScanArc. The boundary conditions for the domain 

can be seen in table 4. The inlet was set as mass flow inlet; in case different densities would be tested 

the velocity would change correctly as well and due to that the air gets a different density when heated 

in the plasma generator and hence a different velocity. The gas flow rate of air that goes into the plasma 

generator is approximately 250 Nm3/hour which corresponds to a mass flow rate of 0.08979kgs-1 at 

normal conditions. No reaction between the gas and the slag appears. The air is assumed to obtain the 

temperature of the slag momentarily, which basically means that the air instantaneous gets the same 

temperature as the slag. Since the operating temperature for the process is around 1400 °C, the 

densities at this temperature were used for both air and the slag. The slag is assumed to only contain 

FeO since it is the penetration depth of the last reduction step that is investigated.  There was not much 

information regarding the density of FeO at elevated temperatures but according to the available 

information the density of FeO at 1400 °C lied in a span between 5000 kgm-3 and 4300 kgm-3 [34] [35]. 

Therefore the density was set to 4750 kgm-3, somewhere between the values from literature. The 

density of air at 1400°C was calculated by using the ideal gas law and the obtained value was 0.226 

kg/m3. The viscosity of air was set to 1.2596e-4 kgm-1s-1 and 0.043 kgm-1s-1 for FeO [34] [36]. The 

dynamic viscosity should not make that much of an impact due to that the effective viscosity should be 

much larger, with a large turbulence viscosity. The fluid constants can be seen in table 5. The VOF model 

was used to simulate the boundary between the slag and the air and regarding the model for the 

turbulence within the system the RNG K-e model was used.  Figure 16 shows the inlet and outlet for the 

domain that was used to simulate the first 0.1 s. Except the outlet and inlet, the walls for the domain 

was set to stationary walls with no slip condition and standard wall functions were used to describe the 

near wall flow. Figure 17 shows the inlet and outlet boundaries within the domain for the simulation 

after 0.1 s. The bottom outlet was there changed to stationary wall with no shear stress, so that its 

impact on the air plume would be small. An adaptive time step was used for the simulation with a global 

courants number of 0.5. The average time step size was around 2·10-6 s. The solution methods used can 

be seen in table 6. 
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.  

Figure 16 Inlet and outlet for the domain as well as how the penetration depth is measured. 

 

 

Figure 17: Inlet and outlet for the domain as well as how the penetration depth is measured. 
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Table 4: Boundary conditions for the domain. The bottom wall with no shear stress is applied after to the simulation after 
1.0561e-1 seconds. 

Boundary  Boundary conditions 

inlet 

Mass flow inlet 

Mass flow: 0.08979 kg/s 

Fluid: 100% air 

Turbulent intensity: 5% 

Turbulent viscosity ratio: 10 

outlet 

Pressure outlet 

Gauge Pressure: 5% 
Backflow turbulent intensity: 5% 

Backflow turbulent viscosity ratio: 10 

Backflow volume fraction: 0 

walls No slip condition 

Bottom wall Stationary wall, no shear stress 

 

 

Table 5: Simulation constants for the fluids and the RNG k-ε model. 

Fluid constants   
Parameters for 

turbulence model 

Air 
ρ = 0.226 kg/m3 

  
   Cμ = 0.09 

μ = 1.2596e-5 kg/ms    Cε1 = 1.42 

FeO Slag 
ρ = 4750 kg/m3 

  Cε2 = 1.68 

  
 μ = 0.043 kg/ms   
  

Table 6: Solution Methods for the simulation. 

Solution Methods 

Scheme: Coupled 

Gradient: Least square cell based  

Pressure: PRESTO! 

Momentum: Second Order upwind 

Volume Fraction: Geo-Reconstruction 

Turbulent Kinetic Energy: First order upwind 

Transient Formulation: First order implicit 
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4 Results and discussion 

In this section the results are presented and discussed. First the results from from the air-water 

simulation and then the results from the IRONARC simulation (air-slag) are presented. 

4.1 Results for air-water simulation 

4.1.1 Mesh analysis 

Below the results after 1.2s of simulation for the water model is shown for the three meshes; coarse, 

medium and fine.  

 

Figure 18: The penetration of air and the air plume in water for the coarse mesh. The different colors represent different 
volume fractions of air. 

Figure 18 shows the air gas plume at 1.2s of simulation. The colors in the plume represents different 

volume fraction of air. As can be seen in the figure, it is difficult to determine where the interface 

between the gas and water is located. This is due to the coarse mesh and the relatively large cells in the 

mesh. The plume is also spread out over a large area and is close to reach to the nozzle wall and no 

individual bubble can be seen, which would be expected because of the large cells. The core of the 

plume contains a high concentration of air and the volume fraction decreases towards the outer edge of 
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the plume. This is the same tendency that was shown by Hoefele and Brimacombe [10], when 

investigated gas blown into liquid mercury.  

 

Figure 19 Plot of the volume fraction of air along a straight line from the inlet for the coarse mesh. 

Figure 19 shows a plot of the volume fraction of air at different positions from the inlet for the coarse 

mesh after 1.2 s of simulation. As can be seen in the plot the air reaches 10 centimeters into the water, 

but at this position the volume fraction of air are almost zero. The fraction of air decreases almost 

linearly the further away from the nozzle the air reaches and this stepwise decrease in fraction of air is a 

result of the numerical diffusion that appears due to the large cells. Numerical diffusion is not a real 

diffusion (often called false diffusion), but rather something that appears in modelling and here it is 

quite clear, because of the large size of the cells. The numerical diffusion leads to a smearing of the gas-

water interface that extends almost half a meter in the blowing direction. Numerical diffusion tends to 

increase when the grid has inclined alignment with the flow and decrease when the grid is aligned/ 

parallel, with the flow [13]. For a flow of air into water, like this case, it is difficult to get a grid that is 

parallel with the flow, since the flow appears in several directions and therefore the numerical diffusion 

will increase. The space between the dots in the plot represents the cell size at that specific location in 

the domain, since the calculations in fluent are made at every node. This mesh is obviously too coarse 

and does not give a fair description of the air plume and its penetration in the water.  
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Figure 20: The penetration of air and the air plume in water for the medium mesh. The different colors represent different 
volume fractions of air. 

Figure 20 shows the air plume and the penetration of the air in the water after 1.2s. The interface is 

more distinct and visible when comparing with figure 18, due to the finer mesh with smaller cells. Even 

though the simulation time is equal for both cases the plume is not that widely spread in the water for 

this simulation. Individual air bubbles can also be seen and the plume is rising upwards and forwards in 

front of the nozzle instead of being spread out above and behind the nozzle tip. There is a short time 

difference between of less than one hundredth of a second, but this cannot be the reason of the large 

discrepancy between the results. Since the time difference is so small and the probable reason is the 

coarse discretization, in the coarse mesh in figure 18, which gives a solution that is not as accurate. The 

center of the plume has a red color which indicates that it is only air in that area; this makes sense due 

to the continuous flow of air at a rather high flow rate.  
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Figure 21 Plot of the volume fraction of air along a straight line from the inlet for the medium mesh. 

 

Similar to figure 19, figure 21 shows the volume fraction of air plotted at different positions from the 

inlet along a straight line, but for the medium mesh. In this case the penetration of the air reaches little 

longer than 7 centimeters, which is close to the experiment. The stepwise decrease in air volume 

fraction further away from the nozzle is clearer than for the coarse mesh and the smearing of the gas-

water interface is reduced compared to the coarse mesh. The numerical diffusion is still present, but this 

mesh gives a better representation of the experiment than the coarse mesh.  
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Figure 22: The penetration of air and the air plume in water for the fine mesh. The different colors represent different 
volume fractions of air. 

Figure 22 shows the air plume for the fine mesh after 1.2s of simulation time. The interface between the 

gas and the water is clearly visible along with several individual bubbles, which indicates that the 

interface tracking between the phases is more accurate. 
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Figure 23: Plot of the volume fraction of air along a straight line from the inlet for the fine mesh. 

In figure 23 it is shown that the penetration of air into water reaches really close to 7 cm and with 

practically no numerical diffusion, since the volume fraction of air is close to one and the decrease in 

volume fraction is shown as an almost straight vertical line in the plot at 7 cm from. Regarding the 

penetration depth this mesh gives the most accurate representation of the water experiment.  

From this mesh sensitivity study it was concluded that the mesh used in figure 23 was fine enough and 

no further refinement was done. The deviation from the experiment was less than 3.6%.  
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4.1.2 Pulsating behavior 

 

 

 

 

 

 

 

Figure 24: Illustration of pulsating behavior for the air plume in water. 
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Figure 25: Pulsating behavior shown by Oryall, for air injected into water through submerged nozzle [37]. 

Figure 24 shows the gas plume appearance at seven different flow times for the fine mesh. The first 

picture is after 0.69 seconds of flow time and the last one is after 0.87 seconds. It can be seen in the 

figure that the air plume is not a continuous flowing stream of air in the water. The behavior of the air 

plume has more of a pulsating character and is the same tendency that Oryall [37] showed when 

investigating the characteristics of air blown into water through a submerged nozzle, see Figure 25. As it 

was described the air leaving the nozzle builds up into a large volume of air, like puffs, which then 

breaks up into smaller bubbles and gives the pulsating behavior. In some of the smaller pictures in figure 

24 the smaller bubbles can be seen, but the pulsating behavior is evident. It can also be seen when 
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comparing figure 24 and Figure 25 that the pulsating behavior in figure 25 is in the forward direction 

from the nozzle, while for Figure 24, the pulsating behavior appears more in the upper plume area and 

not affects the penetration depth at the nozzle height. The explanation to this is probably that the flow 

in figure 25 is captured at earlier stages, which gives the gas a different behavior in the water. It shows 

the initial penetration at a very early stage where the final penetration depth have, probably, not been 

reached yet. However, it should be noted that this pulsating behavior in Figure 24 was not seen to that 

extent in a later stage of the flow. So the amplitude of these pulses was much less when the penetration 

depth was investigated in figure 22, after 1.2 s of flow. The region where the penetration depth was 

measured did not show these amplitudes and could therefore be said stable, since no larger fluctuations 

occurred in that area.  

4.1.3 Penetration depth 

Table 7: penetration depth for the water experiment, water model and the calculated penetration depth according to 
theory. *8.2 cm is the penetration into the water added to the nozzle length, similar as for the experiment and simulation. 

  Penetration 
depth 

Water experiment 7 cm 

Air-water simulation 7 cm 

Calculated 8.2 cm 

 

Table 7 shows the penetration depth for the water experiment, water model simulation and the 

calculated penetration depth for air into water. The penetration depth of the water experiment was 7 

cm and the penetration depth of the water model simulation in fluent was also estimated to 7 cm. The 

water experiment penetration depth was measured after, at least, 30 seconds and the penetration 

depth for the simulation after 1.2 seconds. It seems like the penetration depth for air into water doesn’t 

change after 1.2 seconds and that gas penetration at the nozzle height is 7 cm. Since the experiment 

measurements was started after 30 seconds due to that a stable flow was wanted, the plume for the 

water simulation might move a bit, but the penetration depth seems to be stable at the length of 7 cm. 

to measure the penetration depth after 30 s was probably arbitrarily measured and it is likely that 1.2 

seconds of flow is enough to determine the penetration depth. The penetration depth was calculated to 

5.7 cm, according to theory, and then the nozzle length was added to the penetration depth which gave 
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a total penetration of 8.2 cm into the water. This is close to the penetration depth of both the 

experiment and the water simulation, but a little shorter. It is difficult to determine why the calculated 

penetration depth is shorter, but since the equation used to calculate the penetration depth is an 

empiric equation, the circumstances of how the experiment is performed, how the penetration depth is 

measured and the accuracy of the measurements is of importance and might differ in different cases. 

Therefore it is fair to say that the penetration depth of the simulation is close enough to the calculated 

penetration depth. Both the simulated penetration depth  and the water experiment penetration depth 

showed a penetration of 7 cm, which is a satisfying result, since the goal with the water simulation was 

to get as close penetration depth as in the experiment as possible and thereby validate the simulated 

results. This results shows that it is possible to build a model in fluent that can determine the 

penetration depth.  

4.1.4 Viscosity   

 

Figure 26: Contours of effective viscosity within the domain, shown from the side. 
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Figure 27: Contours of effective viscosity within the domain, shown from above. 

The contours of the effective viscosity for the fine mesh simulation is shown in the figure 26 and 27. The 

maximum effective viscosity is 3.35kgm-1s-1 and the minimum is 3.99e-5 kgm-1s-1 within the domain. The 

major part of the domain have an effective viscosity that is around 1 kgm-1s-1, the light blue area in the 

figure and it is located at the sides and in front of the injected air and surrounds the gas plume. Since 

the dynamic viscosity of air and water is in the size range of 10-5 and 10-3 kgm-1s-1, respectively, and the 

effective viscosity is several orders of magnitude greater, the dynamic viscosity of the fluids should 

therefore not be the major factor that influences the behavior of the gas plume in the water. The 

turbulent viscosity is the dominating viscosity in this case and the penetration depth should therefore, 

as well, not be affected by the viscosity of the water.  

The large effective viscosity means that the turbulent viscosity is large, since the effective viscosity is the 

sum of laminar and turbulent viscosity [38]. Turbulent viscosity is a flow property and the turbulent 

viscosity is related to the turbulent fluxes in the flow [39].This in turn means that there is a lot of 

turbulence within the domain, especially near the walls. From a metallurgical point of view, the large 

turbulence near the wall region increases the refractory wear.   

The viscosity is not included in the equation that has been used earlier to estimate the penetration 

depth, with fairly precise accuracy. It provides an indication that the viscosity does not play a major role 

for the penetration depth.  
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4.2 Resultat and Discussion IRONARC 

4.2.1 Penetration depth IRONARC  

 

Figure 28: shows the air penetration and the air plume after 0.7 s of flow time. 

Figure 28 shows the air plume and the penetration of the air into the slag. As can be seen in the figure, 

the mesh is finer at the area where the penetration depth is measured at the inlet and coarser above 

the inlet where the air rises to the outlet. The air rises very close to the nozzle wall but since 0.7 s have 

been simulated the air plume might move away from the nozzle wall towards the center of the outlet 

region in a later stage.  
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Figure 29: Plot of the volume fraction of air along a straight line from the inlet.  

Figure 29 shows the volume fraction of air at a straight line at different positions from the inlet. The air 

reaches approximately 32 cm into the slag, which is the penetration depth. The decrease in volume 

fraction at 32 cm is almost a straight vertical line, which means that the numerical diffusion is 

minimized. There are also two notches, where the volume fraction drops to 85% air before it decreases 

to zero at 32 cm.  

Table 8: Simulated and calculated penetration depth. 

  Penetration 
depth 

IRONARC simulation 32 cm  

Calculated  9.4 cm 

 

Table 8 shows the results of the penetration depth for both the simulation and the calculation. The 

calculated penetration depth was estimated to 9.4 cm, where the penetration into the slag is 5.4 cm and 

the nozzle length is 4 cm, hence the total penetration depth of 9.4 cm. It differs greatly from the 

simulated penetration depth; the simulated penetration depth is more than 3 times the calculated. A 

reason for this difference could be that the empiric equation that is used for the calculation is based on 

gas and steel and gas and water calculation, and not gas and slag. Another reason could be some 
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numerical aberrations or errors, due to the complex system with demanding calculations that have been 

simulated.  Large density ratios between the phases might be a problem as well, since this makes the 

simulation of a multiphase flow numerically unstable [40].  

The penetration depth is in the same range as earlier modelling results of gas with high inlet velocity 

injected into liquid steel. Odenthal et al [12] investigated the penetration depth of argon gas injected 

into liquid steel in the AOD process by using an Euler-Euler approach for the free surface flow and the 

penetration depth varied between 0.35 and 0.4 m, which is quite close to the penetration depth 

obtained in this IRONARC simulation. A difference between the simulations is the density of the injected 

gas. The density of the argon gas in Odenthal et al’s simulation was 4.2 kgm-3 and the inlet velocity was 

447 ms-1. Odenthal et al also included the pressure drop, which was not considered in this simulation. 

The inlet velocity of the gas is similar, 447 ms-1 compared to 456 ms-1. The higher density of the argon 

gas compared to the heated air in this simulation gives an increase in the gas and liquid density ratio and 

could explain the longer penetration into the liquid bath in that case. 

When observing the results of the simulation, it is important to have in mind that the air was assumed 

to obtain the slag temperature momentarily, which means that the temperature of the air rapidly will 

change and get the same temperature as of the slag. Therefore the density of the air will change quickly 

from the density at 4273 kelvins to the density at 1673 kelvins. In the real process it is not known how 

fast the temperature of the air evens out with the temperature of the slag. If it takes longer time for the 

air to get the same temperature as the slag, the air will have a higher temperature a longer time, which 

in turns gives it a lower density for a longer time. According to the earlier studies the density difference 

between the gas and liquid, in this case between air and slag, affects the penetration depth.  A higher 

ratio of gas density over liquid density increases the penetration depth, but with a lower density of the 

air the penetration depth should decrease. At the same time a lower density of the air would increase 

the velocity of the air, at a constant gas flow rate. A higher velocity of the air has been shown to 

increase the penetration depth. However, the increase in velocity should have a larger influence on the 

penetration depth than the decrease in ratio of gas density over liquid density.   

The viscosity of the air was set to 1.26·10-4 during the simulation, which is the viscosity for air at 4273 K 

and is thereby the wrong viscosity since the simulations were carried out under the assumption that the 

air adopts the slag temperature momentarily . This was an honest mistake and the viscosity should 

therefore have been 5.6·10-5, which is the viscosity of air at around 1700 K. But since it was shown in the 
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results from the water simulation that the dynamic viscosity does not affect the penetration depth, this 

small mistake does not make an impact on the results. 

Table 9: Calculated penetration depth for air into slag with different densities and velocities of the air that corresponds to 
different temperatures. 

  Penetration 
depth 

Air Density Velocity  Temperature   

Calculated  9.4 cm 0.226 kg/m3 1000 m/s  1673 K   

Calculated  9.2 cm  0.0887 kg/m3 456 m/s  4273 K   

 

Table 9 shows the calculated penetration depth at the temperatures 4273 and 1673 Kelvins of the air, 

with the corresponding density for the air at each temperature. Even though the calculated penetration 

depth differs from the simulated penetration depth, this may give an indication of how much impact the 

temperature difference of the air has on the penetration depth. It should be noted that the densities in 

the calculations is constant. According to the calculated penetration depth for the two cases there is 

practically no difference, only a two millimeter decrease of the penetration depth if the air density 

would be constant at the temperature of 4273 K.  

The simulation time for this simulation was approximately 8 weeks, which is a long time for 0.7 seconds 

of simulation. This kind of simulation is very time demanding and complex, which results in these long 

simulation times. Other smaller geometries were tested with fewer cells within each of these domains, 

with the goal to reduce the simulation time and still get the results for the initial penetration and 

penetration depth, but with no success. The geometries tested were too small due to a large expansion 

of the gas-beam at the beginning of the injection, which resulted in that the simulation crashed when 

large amount of gas exited the outlet or expanded all the way to the walls of the domain. Because of the 

relatively short simulated flow time of 0.7 seconds, it is difficult to determine whether the penetration 

depth of 32 cm is the final penetration. For the water simulation 1.2 seconds was enough to estimate 

the final penetration depth for that case, but since this is a total different system that is investigated, 1.2 

seconds may not be the time were the penetration depth is steady at its final depth. Because of the long 

simulation time and the limited time in this master thesis project, no mesh analysis could be made for 

the IRONARC simulation. The mesh cell size within the box in front of the nozzle was set to 3.5·10-3 m 

which is a little larger than for the box used in the water simulation, which has a cell size of 2.5·10-3 m. 
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The size difference is small and therefore this mesh should be sufficiently fine, but it is still unknown 

since no mesh analysis could be performed. 

Since the water model showed that it is possible to estimate the penetration depth accurately, this 

result of the penetration may be correct. To be able to determine if this result is similar to the 

penetration depth of the real process, validation is needed against the real process and a comparison 

has to be made between the penetration depth for the simulation and for the real process. 
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5 Conclusions 

In this thesis two numerical models have been made that describes the initial penetration of air injected 

into both water and slag. The air-water simulation was made with parameters and data from an 

experiment found in literature, to investigate the possibility to build an accurate CFD model for the 

penetration depth. The air-slag simulation was made with similar models that described the air-water 

simulation, but with a different geometry and parameters that corresponds to the IRONARC process.  

The air-water simulation showed that it is possible to make a model for the penetration depth with good 

accuracy. Both the CFD model and the physical experiment yielded the same results regarding the 

penetration depth; the penetration depth was estimated to 7 cm from the reactor walls in both cases. 

Due to that the same penetration depth was given in both cases the CFD model is considered validated.  

The penetration depth for the air-water simulation, at the nozzle height, could be seen to be steady 

after 1.2 seconds of simulated flow, even though the penetration depth was measured after 30 s of flow 

for the physical experiment.   

A suitable mesh was also given in the air-water simulation. The fine mesh with 181000 elements gave a 

good representation of the air plume in the water with no numerical diffusion. The behavior of the air 

plume in the water for the fine mesh, behaved similar to earlier air-water experiments.  

The literature showed that the velocity of the gas affects the penetration depth; a higher velocity of the 

gas at the inlet increases the penetration depth. The density of the liquid also affects the penetration 

depth; a greater density results in more mass for the gas to push through, which results in shorter 

penetration. 

The dynamic viscosity of the fluids has a small or no influence on the penetration depth, since the 

simulation showed that the turbulent viscosity was several orders of magnitude greater.  

The simulation time of the IRONARC simulation was longer than expected and the time was estimated to 

8 weeks.  

The penetration depth of the IRONARC simulation was approximately three times longer than the 

calculated penetration depth, three possible reasons for this difference in depth is; numerical errors, 

large density ratio between slag and gas and that the equation is based on other fluids such as gas-water 

and gas-steel, not gas-slag. The penetration depth was in the same length range, but a little shorter, as 
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in other simulations where gas was injected with high velocity into liquid steel. The heated air in the 

IRONARC simulation with its low density gives a larger ratio between slag density and air and therefore a 

shorter penetration. 

It is difficult to determine if the penetration depth of the IRONARC simulation it is the correct 

penetration depth. To investigate this, the penetration depth in the physical process needs to be 

measured and compared with the simulation result.  

  



48 
 

6 Further research 

For the air-slag simulation the air was assumed to adopt the slag temperature momentarily, which 

makes the. The higher temperature (over 4000k) would give the air a smaller density, which in turn 

according to earlier studies of gas in liquids would result in a shorter penetration depth due to a smaller 

value of the ratio between gas and liquid density. The lower density of the gas will, on the other hand, 

increase the velocity of the gas at the inlet. A higher velocity or gas flow rate also results in a longer 

penetration depth. It is difficult to determine what happens within the reactor at these extreme 

conditions and therefore further research should be made where the high temperature of around 4000 

kelvin of the gas and its impact on the gas penetration should be investigated. Also to investigate what 

will happen with the air when it comes in contact with the colder slag and the air temperature 

decreases. If it is possible, this may be done by involve the energy equation in the simulation and 

thereby include the temperature gradient and the density change of the air and its change rate.  

The model for the penetration depth of air into slag should be validated to be sure that it is correct, 

even though the water model showed that it is possible to determine the penetration of air into water 

with a good accuracy and to obtain a model for the penetration depth. This validation should be made 

with an experiment in the pilot plant scale and in some way measure the penetration depth in the pilot 

plant. How that can be done is not known at the moment. 

A mesh analysis should be made for the IRONARC simulation to be sure that the discretization of the 

mesh used is sufficiently fine. The simulation time is dependent on the discretization of the domain and 

if a coarser mesh can be used, the simulation time cost can be reduced. If the mesh needs to be refined 

this will result in a longer simulation time.  

It would be interesting to see the possibility of determining the penetration depth with another model 

in addition to the used VOF model, maybe the Euler-Euler approach or the PDM model and if these 

other approaches in that case decreases the simulation time.  

Due to the long simulation time for the air-slag simulation it is difficult to determine if that is the final 

penetration depth. To make sure that the simulated penetration depth is not fluctuating, the simulation 

needs to run for a longer time to get a reasonably stable and a final penetration depth of the simulation. 
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When the mixing will be investigated, in a future step, it would be interesting to see how the mixing is 

affected by adding a tuyere at the bottom of the reactor. Bottom blowing is widely used in other 

processes and what impact it has on this particular process is interesting.  
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