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ABSTRACT  

Fluid flow accompanied by heat transfer, solidification and interrelated chemical reactions play a 

key role during Continuous Casting (CC) of steel. Generation of defects and production issues 

are a result of the interaction between mould flux, steel grade and casting conditions. These 

issues are detrimental to both productivity and quality. Thus, the development of reliable 

numerical models capable of simulating fluid flow coupled to heat transfer and solidification are 

in high demand to assure product quality and avoid defects. 

The present work investigates the influence of steel grade, mould powder and casting conditions 

on process stability by including heat and mass transfer through liquid steel, slag film layers and 

solidifying shell. The thesis addresses the application of a numerical model capable of coupling 

the fluid flow, heat transfer and solidification developed by Swerea MEFOS; based on the 

commercial CFD code FLUENT v12. The Volume of Fluid (VOF) method, which is an interface 

tracking technique, is coupled to the flow model for distinction of the interface between steel and 

slag. The current methodology not only allows the model to describe the behaviour of molten 

steel during solidification and casting but also makes the assessment of mould powders 

performance possible.  

Direct prediction of lubrication efficiency, which is demonstrated by solid-liquid slag film 

thickness and powder consumption, is one of the most significant advantages of this model. This 

prediction is a direct result of the interaction between metal/slag flow, solidification and heat 

transfer under the influence of mould oscillation and transient conditions.  

This study describes the implementation of the model to analyse several steel and mould powder 

combinations. This led to detection of a combination suffering from quality problems (High 

Carbon Steel + High Break Temperature Powder) and one, which provides the most stable 

casting conditions (Low Carbon Steel + Low Break Temperature Powder).  

Results indicate the importance of steel pouring temperature, mould powder break temperature 

and also solidification range on the lubrication efficiency and shell formation. Simulations 

illustrate that Low Carbon Steel + Low Break Temperature Powder delivers the best lubrication 

efficiency and thickest formed shell. In contrast, High Carbon Steel + High Break Temperature 

Powder conveys the minimum lubrication efficiency. Therefore, it was concluded that due to 

absence of proper powder consumption and solidification rate the latter combination is 

susceptible to production defects such as stickers and breakouts during the casting sequence. 
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1 INTRODUCTION 

Fluid flow accompanied by heat transfer, solidification and interrelated chemical reactions play a 

key role in engineering operations. Almost all metallurgical processes comprise heating and/or 

cooling of fluid and semi-solid materials [1]. Continuous Casting (CC) is one of these intricate 

stages on steel manufacturing; where large volumes of liquid steel are transformed into 

semi-finished products such as slabs, blooms, billets and bars.  

After final adjustment of the chemical composition and temperature in the ladle, molten steel is 

transferred to the casting machine, where it is poured into an intermediate “buffer vessel” known 

as tundish (see Figure 1). Then, the molten steel is cast through a Submerged Entry Nozzle 

(SEN) to an open ended copper mould [2].  

The casting process is based on heat extraction from the liquid steel thorough out primary and 

secondary cooling regions. The primary cooling region is built of several water channels carved 

inside the narrow and wide faces of the copper mould whereas the secondary area is composed of 

high pressure water spray nozzles [3]. The liquid steel solidifies (shell formation) along the 

mould walls and is withdrawn at a given casting speed by pulling rolls, to be later transported to 

the cutting station [4, 5].  

 

Figure 1: Schematic illustration of a casting station [2] 

In recent decades, a wide range of mould powders and oscillation settings have been developed 

to improve strand surface quality and minimize friction forces between solidifying shell and 

mould walls [6, 7]. All these developments are pursuing a common goal which is improving 

productivity and quality.  

Generation of defects and production issues such as oscillation marks, transverse and 

longitudinal cracks are a result of the interaction between mould flux, steel grade and casting 
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conditions. These issues are detrimental to both productivity and quality. For instance, SEN 

design which defines mass and heat delivery to the meniscus area, oscillation settings such as 

stroke ( ) and frequency ( ) and finally casting speed ( ) have deep impact on the initial stages 

of shell solidification and the process stability. Thus, the development of numerical models 

capable of simulating solidification and defect formation is in high demand [4, 5, 8, 9].  

The development of numerical models capable of computing complex engineering processes 

such as continuous casting is highly dependent on calculation cost and time for the industrial 

sectors. In the last two decades, there has been continuous improvement in commercial CFD 

codes due to advent of new technologies and modern computers. This results in a substantial 

reduction of calculation time and cost. This also facilitates the application of mathematical 

models to complex processes by coupling a variety of physical models [10]. 

The process complexity originates from the interaction of multiple-phase system and occurrence 

of a variety of physical phenomena such as fluid dynamics, heat transfer and solidification, which 

makes it a challenging goal for CFD calculations [11].  

Therefore, the widespread adopted methodology, in nearly all of these models, is fitting plant 

measurements (e.g. thermocouple data) such as pre-defined heat extraction and meniscus 

curvature profile to the models [12-14]. The obtained results in this way are reasonable when 

operating conditions are similar to those used during plant measurements. Unfortunately, this 

methodology loses its applicability when conditions vary sharply from routine production (e.g. 

introduction of a new steel grade or mould powder to the casting machine or higher casting 

speeds) [15].  
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2 BACKGROUND 

This MSc thesis presents the methodology and results of a numerical simulation developed by 

Swerea MEFOS based on the CFD commercial code ANSYS-FLUENT V. 12. In contrast to 

prior works [12-14], it demonstrates the dynamic interaction between multi-phase system 

(steel-slag-air) and involved physical phenomena such as fluid dynamics, heat transfer and 

solidification under mould oscillation. This methodology not only allows the model to describe 

the behaviour of molten steel during solidification and casting sequence but also makes the 

assessment of mould powder performance possible [16]. 

The work includes newly designed user define functions (UDF’s) for implementing thermal 

conductivity to the involved phases, thermal resistance due to coating as a function of mould 

length  and different mould oscillation modes. A range of mushy zone constant (     ) values 

were examined during this project. The mushy zone constant; which explains the amount of 

energy dissipation rate in the mushy region [17], was explored to study its effect on shell growth 

and solidification rate.  

The project consisted of a variety of steel grades in combination with different mould powders: 

Low carbon and high carbon steels 

High and low break temperatures powders 

The simulation results (i.e. mould temperatures, heat fluxes, shell thickness variations and 

lubrication efficiency) have been compared for different steel and mould temperature 

combinations. Furthermore, practical application of the model to the steel casting industries and 

the challenges during defining and implementing the material properties for slag and steel are 

illustrated.  
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3 INVOLVED PHYSICAL PHENOMENA AND MODELLING THEORY  

Mutual interaction between the involved materials (e.g. steel and mould flux) and physical 

phenomena have profound influence on initial stages of solidification and final product quality 

[4, 5]. Thus, it is necessary to consider all these parameters to understand complex phenomena 

such as slag infiltration and shell solidification.  

Generally, modelling starts by collecting and defining material properties, physical phenomena 

and casting conditions. Thus, a spread-data sheet with different tabs corresponding to materials 

and physical properties is designed. 

For instance, in the steel section; properties such as density, heat capacity and thermal 

conductivity, obtained from IDS software [18], are converted to mathematical functions and 

implemented as User Defined Functions (UDF’s) to the model. For the slag part, Ken Mill’s 

SLAGS software [19] is used to calculate viscosity, heat capacity and surface tension of the slag 

phase as a function of temperature. Alan Cramb’s model [20] is applied to calculate the 

interfacial tension between steel-slag phases through surface tension of these phases. 

Furthermore, experimental data from plant trails and laboratory tests are used to define properties 

such as thermal conductivity and interfacial resistance of the slag phase in contact with the mould 

walls. Figure 2 is a schematic illustration of physical phenomena and implemented material 

properties to the model.  

 

Figure 2: Schematic illustration of involved physical phenomena and implemented materials properties [16] 
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3.1 Fluid flow model  

Molten steel is cast through a ceramic Submerged Entry Nozzle (SEN) into a copper mould, 

where it creates a jet at the outlet ports [21] ; Figure 3.  

 

 
 

Figure 3: Top and bottom rolls pattern constructed inside the copper mould [22]  

SEN design, casting speed and mould dimensions play important roles in casting stability and 

defects generation. For instance, breakouts and slag entrapment due to surface waves and 

turbulence flow close to the steel-slag interface are deeply affected by the SEN design [22]. 

The fluid flow model is based on the solution of Navier Stokes equations for a multi-phase 

system. The Volume of Fluid (VOF) method, which is an interface tracking technique, is coupled 

to the flow model [5]. This method is used when the distinction of the interface between involved 

phases is desired [17]. In this method, the mixture density (    ) and viscosity (    ) are 

calculated as follows; Equations   and   [23]: 

           (    )                      ( ) 

          (    )                      ( ) 

In this formulation, ( ) represents the phase fraction and the subscripts ( ) and ( ) indicate any 

two of phases involved in the calculation. Thus, the continuity equation can be formulated for the 

phase ( ) as [24]: 

 

  
(    )    (     ⃗)  ∑ ( ̇    ̇  ) 

                       ( )   

In this equation, ( ⃗) indicates the overall velocity while ( ̇  ) and ( ̇  ) represent mass transfer 

rate between phases ( ) and ( ). In the VOF technique, a single set of equations is solved for the 

momentum equation, which includes the mixture density and viscosity of the phases; 

(Equation  ) [15].  
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(     ⃗)    (     ⃗ ⃗)        [    (  ⃗   〈 

 

 
    ⃗⃗ ⃗⃗ 〉)]       ⃗            ( ) 

The terms (  ) and ( ⃗) represent the pressure difference and gravitational force vector. The last 

two terms (  ) and (  ) are defined as momentum sinks created by solidification and interfacial 

tension phenomena, respectively.   

3.2 Heat Transfer Model 

In general, the heat transfer in continuous casting is composed of two main components: 

horizontal and vertical. In the vertical direction, there is a high degree of insulation and 

protection of the liquid steel bath due to a thick multi-layer slag bed. The slag bed is composed of 

[7, 25, 26] : 

 Loose powder at the top in contact with the ambient air, which reacts with Oxygen and 

forms   ( ) to prevent steel bath oxidation. 

 Sintered layer as a result of atomic diffusion located in the middle of the slag bed. This 

layer acts as a blanket which provides high degree of insulation in the vertical direction. 

 Liquid slag pool in contact with the molten steel which has high capacity for inclusion 

removal and protects the steel bath from oxidation.   

In contrast to the vertical component, the majority of the heat transfer is occurring in the 

horizontal direction through different mechanisms such as radiation conductivity (  ) and lattice 

or phonon conductivity (  ) [25]. Figure 4 is a schematic illustration of the multi-layer 

resistance for fully lubricated (solid-liquid slag) and partially lubricated (solid slag) regions in 

the mould as well as heat transfer and air gap formation as a result of inappropriate mould taper 

and shell shrinkage.  

 

Figure 4: Schematic demonstration of the multi-layer resistance in front of horizontal heat transfer 
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The total resistance can be described by film thickness and thermal conductivity of multi-layer 

constituents for each region. For example, the resistance for the fully lubricated region can be 

formulated as follows; Equation   and   [25, 26]:  

                                                  ( ) 

       (
 

       
)

     

       (
 

 
)
          

  (
 

 
)
           

  (
 

 
)
            

 (
 

      
)
     

( ) 

The film resistance (     ) is a result of liquid slag infiltration into the mould-shell channel. 

Nearly all of the primary penetrated liquid slag is converted to glassy phase in contact with the 

water cooled copper mould. Furthermore, with time this glassy layer is partially or completely 

crystallized (according to degree of de-polymerisation) to form a crystalline slag film (~ 2 mm 

glassy + crystalline). The horizontal heat transfer is mainly controlled by this thick 

glassy+crystalline slag film; whereas the shallow infiltrated liquid slag layer (~ 0.1 mm 

thickness)  performs a significant role in lubrication of the newly formed shell [25].  

Another important obstacle to heat transfer is the contact or interfacial resistance(    ). This 

term is originated from the de-polymerization of the glassy slag into the crystalline phase 

accompanied by slag densification. The thermal contraction during phase transformation 

increases surface roughness and results in the formation of an interfacial resistance between the 

solid slag and mould walls [15, 27, 28]. The degree of crystallization or de-polymerization of the 

slag film can be described by the number of non-bridging oxygen per tetragonally bonded atom 

(NBO/T), which is presented in Equations  and  [7, 26]: 

    ⁄  
                  

               
        

 (           )

     
        

      
       

 (         )
     ( ) 

                     (    ⁄ )               ( ) 

Where, x indicates the mole fraction of the component in the casting powder. In the current work, 

due to lack of experimental data, the contact resistance is calculated as a function of powder 

composition by means of mould flux basicity. This is implemented as a constant resistance into 

the mould to horizontal heat transfer; see Figure 5 [15]: 
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Figure 5: Contact resistance variation as a function of mould flux basicity [15] 

A newly designed user defined function (UDF) was used to implement the conductivity as a 

function of temperature for the steel-slag phase layers to improve heat transfer model accuracy. 

The heat transfer is solved for liquid and solid phases separately which can be explained as 

follows [15]: 

In the liquid phase, a combination of the continuity, momentum and energy equations are applied 

to solve the heat transfer: 

 

  
(     )     ( ⃗(       ))     (       (      ⃗))                    ( ) 

Where( ), (    ) and (    ) represent the enthalpy, effective thermal conductivity and viscous 

energy transfer, respectively. The heat transfer through solid phase is calculated by the heat 

conduction equation: 

 

  
(  )    (    )                    (  ) 

Where,   and    indicate the sensible enthalpy and effective thermal conductivity, respectively.  

3.3 Solidification model and energy equation 

The solidification model for the steel phase is based on an enthalpy porosity technique, where the 

enthalpy of steel(      ) and sensible enthalpy(      ) can be calculated through the Equations 

   and    [17].  

                                         (  ) 

            ∫     
 

    

                    (  ) 

Where         and      indicate the latent heat of fusion and reference enthalpy, respectively. 

The mushy zone region, which consists of dendrites (columnar or equiaxed) and inter-dendritic 
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liquid is considered as a porous medium. The amount of porosity is defined by the liquid fraction 

calculated through the lever rule; Where 100 % solid region (  =0) is correlated to zero porosity; 

see Equation    and Figure 6 [17]: 

   
          

                  
                    (  ) 

  

Figure 6: Temperature and thickness corresponding to solid, mushy and liquid zones [6] 

Effectively, this creates a solidification front at (         ), a mushy zone between 

         -         and a solid shell below (        ) . Finally, the predicted shell thickness 

is re-defined by the Zero Strength Temperature(    )

 , where the solidifying shell is assumed to 

have enough strength to be pull down at the casting speed [6].  

In this approach, the velocity field is suppressed in the solid region by dissipating the momentum 

and turbulence. This phenomenon is included in the calculations through additional sink terms to 

the momentum and turbulence equations; Equations    and    [17]:  

  (        )   
(    )

 

(        
 )

      ( ⃗   ⃗ )                    (  )  

  (          )  
(    )

 

(        
 )

                          (  ) 

Where    and       are the liquid fraction and solidification or mushy zone constant, 

respectively. The solidification constant (     ) is used to calculate the sink terms (  ) for 

momentum and turbulence in the Navier-Stokes equations. The magnitude of the mushy zone 

constant is an important parameter since it is representative of the amplitude of the dampening 

force originated from micro-segregation in the remaining inter-dendritic liquid. The larger this 

                                                 

 The temperature related to “solid fraction = 0.7”    
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constant results in a sharper dampening of the velocity in the mushy zone (leading to formation 

of a thicker shell). In contrast, a low      , dissipates less momentum and turbulence which 

leads to thinner shells [17], see Figure 7 and Equation    and   . 

 

Figure 7: Effect of mushy zone constant on shell thickness 

A large range of mushy zone constants (1e+8 → 5e+9) were examined in order to find 

appropriate values. Finally      was chosen as solidification constant for the given steel grades 

but a more detailed evaluation is required to obtain an accurate value for each steel grade 

separately.  

3.4 Turbulence model 

Turbulence can be described as the natural tendency of a fluid to consume extra energy 

originated from enlarged velocity and pressure gradients. This energy consumption is presented 

in the form of random motion of fluid [15]. 

Turbulent flow can be characterized by many dimensionless numbers. The most well-known 

parameter is the Reynolds number. This parameter describes the ratio between inertial to viscous 

forces; Equation    [29]: 

   
   

 
                    (  ) 

There are several different approaches to solve turbulence in a fluid. In MEFOS CC model, a 

widely employed method known as Reynolds Average Navier-Stokes (RANS) has been 

exploited. The velocity term in the Navier-Stokes equations is replaced by the instantaneous 

turbulent velocity ( ⃗ ); Equation    [15]: 

 ⃗                          (  ) 

Where average and fluctuating velocity terms are indicated by ( )and(  ), respectively. 
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4 MEFOS CC MODEL DESCRIPTION 

A two dimensional numerical model, which combines different physical phenomena such as 

slag-metal flow dynamics, heat transfer and solidification, based on ANSYS-FLUENT V.12 was 

used to predict the behaviour of the multi-phase system (steel-slag-air) in a continuous slab 

caster. 

The most significant advantages of MEFOS CC model is the calculation of slag infiltration into 

the mould-shell channel. In this model, Navier-Stokes equations are coupled with a multi-phase 

interface tracking technique known as VOF, a  -  turbulence model and solidification based on 

an enthalpy porosity technique for compressible viscous flow [5, 16, 24].  

In this approach, the overall slag film (liquid+solid) thickness is computed from the interaction of 

steel-slag phases at the meniscus area. The transient behaviour of meniscus region is calculated 

as a function of steel and slag surface tensions inside the mould-shell channel under mould 

oscillation.  

4.1 Computational domain and mesh 

The computational domain is composed of half of SEN (immersion depth=120 mm), a copper 

mould consisting cooling water channels and 1.5 meter of strand length after the mould exit. 

Figure 8 illustrates the mesh used in the simulations.  

 

Figure 8: Designated mesh for the simulations [16] 
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The entire mesh has ~50000 cells which vary in size from 25   to 5  . Small cells ~25    

have been used on the meniscus and slag film areas in order to capture the slag infiltration 

phenomenon between the solidifying shell and mould wall. 

4.2 Geometry and boundary conditions  

Figure 9 is a schematic illustration of the involved phases, implemented boundary conditions 

(e.g. primary and secondary cooling regions defined through heat transfer coefficient of cooling 

water, sinusoidal mould oscillation, pulling velocity, etc.) and model dimensions.  

 

Figure 9: Summary of involved phases, boundary conditions and domain geometry [16] 

The following sections describe some of the applied boundary conditions and materials 

properties for selected steel grades and mould powders. 

4.2.1 Cooling regions   

Primary and secondary cooling regions are defined by the heat transfer coefficient of cooling 

water. According to Thomas et al. [3], a heat transfer coefficient between 2000-3000 

( (    )⁄ ) is identical to cooling intensity of secondary cooling region for a slab caster. The 

heat transfer coefficient of cooling water for the primary cooling region is obtained by using the 

Nusselt number(  )  calculated through several dimensionless numbers such as hydraulic 

diameter(  ), Reynolds number(  ) and Prandtl number(  ) as summarised below [30]: 

The hydraulic diameter for a rectangular duct (completely filled with fluid) is defined by 

Equation  : 

   
   

   
           (  ) 



13 

 

Where, ( ) and ( ) are length and width of the duct, respectively. The other dimensionless 

parameters are calculated as follows: 

   
              

             
 

   

 
          (  ) 

   
                      

                      
 

   

 
          (  ) 

        (  )   (  )           (  ) 

Where  ,   and   indicate density, viscosity and thermal conductivity of the cooling water. 

Finally, the heat transfer coefficient of cooling water(  ) is obtained from Equation  : 

   
 

  
            (  ) 

4.2.2 Coating 

It is possible to implement different coatings such as   ,    and even multi-component coating 

layers. The coating is designed based on the thickness and thermal conductivity of layers at top 

and bottom of the mould. This can be calculated as follows: 

         (
               ( )

                          ( (   ))⁄  
)          (23) 

Then, the obtained resistance profile as a function of mould length is applied through a user 

defined function as an extra resistance to horizontal heat transfer in the mould area. 

4.2.3 Mould Oscillation 

Different mould oscillation modes such as sinusoidal and non-sinusoidal; with different settings, 

were applied through UDF functions to the model. The below functions are velocity and 

displacement terms for sinusoidal oscillation which has been implemented to the current model 

[9]: 

          (    )          (  ) 

   
 

 
   (    )           (  ) 

Where   ,   ,  ,   and   represent mould velocity and displacement, oscillation frequency, 

amplitude and time, respectively. Figure 10 illustrates the mould velocity and displacement 

functions including negative strip (  ) time for one single cycle of oscillation. The negative strip 

time corresponds to the part of oscillation where the mould travels faster than casting speed in a 

downwards movement. It should be noted that the rest of the cycle is named positive strip time. 

The total cycle and the negative strip time can be calculated by Equations    and    [9]. 
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          (  ) 

   
  

  
      (

  
   

)          (  ) 

 

 

Figure 10: Mould velocity (left) and displacement (right) functions for a sinusoidal oscillation mode 

The mould velocity is identical to zero at both extreme positions in downward and upward 

movement, whereas it reaches the highest speed at zero displacement.  

4.2.4 Casting powder  

Casting powder is added continually to the mould top, where it is heated up to create a sintered 

layer. This layer is formed as a direct consequence of atomic diffusion after water evaporation 

and free carbon oxidation. Further heating of this layer leads to formation of a liquid slag pool in 

contact with molten steel [31]. Mould powder and slag properties have ultimately deep effects on 

casting stability and final product quality. Therefore, it is necessary to choose the appropriate 

casting powder for a given steel grade and product format.  

Generally, primary data such as viscosity at high temperatures (above 1573 K) and chemical 

composition are supplied by the powder manufacturer. Thus, further plant and laboratory 

investigations accompanied by thermo-chemical models are vital to define powder and slag 

properties for a given set of casting conditions. For instance, Ken Mill’s SLAGS software [19] 

has been used to calculate parameters such as viscosity, heat capacity and surface tension of the 

casting powder as a function of temperature.  Figure 11 illustrates sample results from the 

SLAGS software.  
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Figure 11: Sample results from Ken Mill’s SLAGS software 

Figure 12 demonstrates powder1 (  ) viscosity ( ) curves as a function of temperature, obtained 

from the SLAGS software and the powder manufacturer. Figure 12 also presents the viscosity 

profile used in the current model.   

 
Figure 12: Applied viscosity profile and the viscosity curves from SLAGS model and powder supplier   

The following approach was adopted for the viscosity of different physical states of the slag 

phase [16]: 

      Liquid Slag = very low viscosity ( ) 

Loose Powder = low viscosity ( ) 

Solid Slag = Very high viscosity ( ) 

This approach allows simulating slag solidification/melting process based on the viscosity 

changes as a function of temperature field of the slag bed and shell-mould channel. This 

methodology is similar to the one used by Meng et al. [32]. 
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According to Görnerup et al. [31], water evaporation and oxidation of free carbon content 

(carbon combustion) occur during heating of the casting powder from liquid steel. This process is 

followed by formation of point-to-point contacts between powder particles. In the current model, 

it is assumed that the viscosity of casting powder increases during water evaporation and 

oxidation of free carbon content. It is also assumed that the increment of viscosity continues 

during the sintering process and reaches the maximum after a fully sintered layer is formed at a 

higher temperature range. A sharp decrease in the viscosity curve occurs due to the break 

temperature (      )  followed by melting and formation of the liquid slag phase with very low 

viscosity [32].   

4.2.5 Selected materials properties 

Physical properties for the steel grades and mould powders and a sample image from Excel 

spread-data sheet are demonstrated in Table 1 and Figure 13.   

Table 1: Physical materials properties of steel grades and mould powders 

           (ºC)            (ºC)          (ºC) Melting Heat (J/kg)                    (°) 

Steel Grade 1 (S1) 1475 1521 1541 244,000 66 

Steel Grade 4 (S4) 1456 1514 1534 258,000 78 

 Thermal conductivity Viscosity        (ºC) 

Powder 1 (P1)  ( )  ( ), low 1140 

Powder 3 (P3)  ( )  ( ), high 1100 

 

 

Figure 13: Sample Excel spread-data sheet for materials properties and physical phenomena 
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5 RESULTS AND DISCUSSION  

The model results can be presented in several ways such as contours, vectors and path-lines 

animations. It is also possible to track specific features of interest by a series of monitoring 

points. In the current work, two points;        and           were located 100 mm beneath the 

metal level and at the mould exit, respectively. Parameters such as slag thickness, mould 

temperature and heat flux were recorded and analysed based on the designated points. Figure 14 

demonstrates some results from the        tracking point. 

 

Figure 14: Oscillation data obtained from monitoring systems  

Figure 15 presents the calculated flow and temperature fields for Low Carbon Steel (  )+Low 

Break Temperature Powder(  ) after 600s simulation. The right hand side contour, demonstrates 

a fully developed flow field pattern inside the caster for this specific SEN and mould design; 

whereas the left hand side image presents the developed temperature contour for the same flow 

field. 

 

Figure 15: The calculated temperature and flow field countours for S1-P3 combination
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The highest temperature field is calculated inside the nozzle, which travels within the jet. The 

temperature contour also confirms that the maximum heat dissipation happens in the area 

adjacent to the narrow sides (mushy layer and solidifying shell); where the temperature field 

declines from 1814 to 1800 K. 

5.1 Lubrication Efficiency 

One of the major advantages of this model is calculating the amount of slag infiltration into the 

mould-shell channel. This prediction is a result of the multi-phase approach and the use of a fine 

mesh in the meniscus and slag film areas [16]. 

According to B. G. Thomas [4], casting productivity and strand surface quality are deeply 

dependent on the onset of solidification in the meniscus area. The newly solidified shell at this 

position does not have sufficient strength. Therefore, appropriate lubrication is necessary to avoid 

defects formation. As a consequence, lubrication efficiency, explained by solid-liquid slag film 

thickness and powder consumption was selected as the first feature of interest. Figures 16 and 17 

show the variation of slag film thickness, powder consumption, mould heat flux and temperature. 

 

Figure 16: Variation of slag film thickness and powder consumption at       for different combinations 

All the combinations demonstrate similar capacity of forming solid slag layers. However, the 

small discrepancy (~3%) in the solid slag thicknesses is explained by dissimilar break 

temperatures(      ). Higher break temperatures offer larger temperature ranges, where solid 

slag is thermodynamically stable and produce thicker solid films. Thus, the High Break 

Temperature Powder (  ) creates ~3% thicker solid slag in comparison to(  ); see Figure 17 

and Table 1. 

According to results, (  ) creates thicker liquid slag compared to the High Carbon Steel (  ), 

which can be explained by higher pouring temperature of (  )  Interestingly, (  ) delivers 

thicker liquid slag and higher consumption rates compared to (  ) in combination with a similar 

steel grade; see Figure 16. In order to explain the sharp difference in powders performance, a 

temperature range which is defined by                                   is introduced. In 
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fact, this temperature range explains how much heat is accessible for solid-liquid slag phase 

transformation; which can be summarized as follows [16]: 

             >              

              >              

The larger temperature range means higher amount of heat/energy existing for solid-liquid 

transformation, which results in creation of thicker liquid slag and higher consumption rate.  

The powder consumption follows exactly the liquid slag film thickness. It must be noted that the 

2D consumption is calculated for a single line located in the central plane at the mould-shell gap 

in narrow face [16]. Therefore, the calculated consumption rate for the current model is less than 

the one observed in the plant. A 3-dimensional model; which considers slag penetration and 

powder consumption in the narrow and wide faces (especially at corners) is needed to obtain 

more comparable results. Nevertheless, it can be concluded that the combination of S4-P1 suffers 

from production issues such as stickers due to lack of lubrication; see Figure 16. These 

observations were confirmed by the plant engineers. 

5.2 Heat Flux and Mould Temperature Variations 

In this part, evolution of the average heat flux and the mould hot face temperature are 

investigated. Figure 17 shows the effect of the solid slag film thickness on these two parameters. 

 

Figure 17: Variation of the solid slag, mould heat flux and temperature for different combinations [16] 

It is seen that the horizontal heat transfer is mostly governed by the solid slag film. This 

statement is based on the small variations in all the monitored parameters where almost 3% 

variance in solid slag thickness leads to (~2-5%) difference in the channels heat flux and mould 

temperature. 

The total slag film resistance against the horizontal heat transfer is defined by      , which is the 

sum of solid and liquid slag film thickness. For instance, because of ~23% thicker liquid slag for 
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S1-P3 (Figure 16) which increases the total resistance, the computed heat flux for S1-P3 is 

slightly smaller than S1-P1; see Figure 17. 

Figure 18 is a schematic illustration of the mould hot face temperature and heat flux profiles 

calculated for S1-P3. 

 

Figure 18: Typical heat flux and mould temperature profiles along the mould [16] 

As it was estimated, the peaks for the mould temperature and heat flux profiles occur in upper 

half the mould and close to       (100 mm below the metal level). Afterwards, these profiles 

decline gradually along the mould length due to thickening of the solidifying shell (extra 

resistance to heat transfer). 

5.3 Shell Growth Comparison 

Continuous casting is based on uninterrupted solidification and heat extraction from the molten 

steel.  This condition is provided by an appropriate cooling system with sufficient cooling 

intensity to provide continuous shell growth and solidification rate. Figure 19 shows the 

solidifying shell thickness as a function of mould heat flux for different steel-powder 

combinations at         .     

  

Figure 19: Variation of shell thickness at the mould exit as a function of mould heat flux [16] 
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Results show that   (higher         ) in combination with both mould powders leads to 

approximately 11 % thicker shells. This difference could be explained by the larger solidification 

range (                ) and latent heat of fusion of (  ); see Equation    and Table 1. 

                                             (  ) 

Low Carbon Steel (  ) possesses a shorter solidification range and lower latent heat of fusion, 

which basically means less amount of heat should be extracted from S1 to create identical 

solidified steel mass compared to S4. These can be compared as follows: 

                                                  

                (  
  ⁄ )                   (  

  ⁄ )  

The model can also be used for shell profile comparative studies. Figure 20 is a schematic 

illustration of the solidifying shell profiles for S1-P3 (case 1) and S4-P3 (case 4). 

 

Figure 20: The calculated shell profiles for S1 and S4 in combination with P3 

   results in a more irregular and thinner shell compared to   . These irregularities are 

representative of the dynamic interaction between mould oscillation, slag film thickness and 

solidification behaviour. It can also be concluded that the combination of S4-P1 suffers a lack of 

lubrication, which is defined by powder consumption and solid-liquid slag film thickness. 

Furthermore, this combination leads to one of the thinnest formed shell, which is suspected to 

suffer production problems such as stickers and breakouts. These observations were confirmed 

by the process engineers. 
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6 CONCLUSIONS 

A numerical model based on ANSYS-FLUENT V12 was applied to study metal/slag flow 

dynamics, solidification and heat transfer under sinusoidal mould oscillation for 4 different 

combinations of steel grades and mould powders in a slab caster. The simulations results can be 

summarized as follows:  

Application of the model resulted in the calculation of the lubrication efficiency, shell thickness, 

mould heat flux and temperature profiles. The model was capable to distinct minor variations in 

the steel grades chemical composition and casting powders properties. 

Two temperature ranges were established to facilitate the steel-slag analysis based on the 

pouring, break and solidus temperatures of the steel grades and the mould powders. 

 (                                 ): Which basically indicates how much 

heat/energy exists for solid-liquid phase transformation of slag. 

 (                                  ): Which means how much heat should be 

extracted from liquid steel to create a fully solidified shell. 

 Results confirm that the solid slag layer plays a significant role in controlling horizontal 

heat transfer, while lubrication is governed by the liquid slag film. 

 The model is capable to identify the combination of (S4+P1), which suffers from 

production problems such stickers and breakouts due to lack of lubrication and lower 

shell growth rate. These parameters can be addressed by monitoring the solidifying shell 

and slag (solid-liquid) film thicknesses during the casting period. 

 The model is also able to detect the combination of (S1+P3) which provides the most 

stable casting conditions, explained by more regular solidifying shell profile and 

appropriate lubrication efficiency.  

The model has developed the potential to be used as a benchmark to study different parameters 

such as oscillation modes, mould flux performance and solidification behaviour of steel grades 

including the effect of mould and SEN configuration on casting stability. 

Results demonstrate high level of efficiency for comparative studies such as shell profiles, 

casting powders and mould temperatures evaluation. This capability could be used to design 

highly cost efficient and much more effective plant trails. For instance, instead of testifying a 

wide range of oscillation parameters such as stroke( ), frequency ( ) and sinusoidal factor ( ) in 

plant trials, the model can be used to perform comparative analysis of these parameters, and 

provide a better starting point for plant tests. 
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7 FUTURE WORK 

Further analysis of sinusoidal and also non-sinusoidal oscillation modes is necessary to explore 

the influence of negative and positive strip times and sinusoidal factor on casting stability, slag 

infiltration, shell growth rate. 

Application of more realistic material properties is a subject which deserves further research. For 

instance, using enhanced contact resistances between mould and slag from experiments and/or 

more advanced calculations based on flux composition. Another example is employing the slags 

TTT diagram to simulate de-polymerization behaviour of the slag film during the casting 

sequence. 

Coupling of the current work with a thermo-mechanical model could be very interesting for the 

stress and strength analysis of the solidifying shell and crack formation mechanisms as a direct 

result of flow and heat flux evolution during casting. 
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