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Abstract 
 
In the paper, the results of a numerical analysis of KCl and KF particles present in liquid aluminium assimilation to the slag are presented. 
The authors analysed particle movement in the slag model, which is based on buoyant, capillary, viscosity, Newton and repulsion forces, 
interfacial tensions at the interface of phases and surface energy during the particle movement through phases boundary. On the basis of the 
mathematical model, a computer programme was written to make simulations under different conditions. The results of particle position in 
the slag are presented for different particle radiuses: 1, 5, 10, 20 µm, and constant viscosity of the slag including velocity evolution of the 
velocity. Another approach was used to indicate the influence of slag viscosity on particle and slag penetration depth. During computations, 
selected viscosities of slag of 0.0012, 0.0015, 0.0018 [kg/m·s] were taken into account. Different comparisons were made for the chosen 
particle sizes. Each examination takes into account the impact of the particle type. The results clearly show that for larger particles the 
penetration depth is greater and viscosity of the slag has an impact on the velocity evolution during assimilation process. 
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1. Introduction 
Inclusions present in liquid aluminium, including unwanted 

gases (hydrogen), alkali metals (lithium and sodium), alkaline earth 
metals (magnesium and calcium), and inclusions (oxides, borides, 
nitrides, carbides, and chlorides), can cause serious defects when 
critical values of their content are exceeded. Among their sources 
are: alumina, which is a substrate in the process of aluminium 
production from bauxite, electrolyte components from electrolysis, 
carbon anode, refractory lining of metallurgical units, and 
subsequent refining processes [1,2]. 

In industrial practice, several refining steps are usually 
combined, such as blowing of inert gas, refining powders, and 

filtration. Aluminium refining methods involve techniques that 
make us refining powders, such as aluminium fluoride (AlF3) or 
magnesium chloride (MgCl2) added to melted aluminium [3-7], salt 
– a mixture of sodium chloride (NaCl) or potassium chloride (KCl) 
and calcium fluoride, or aluminium fluoride or cryolite applied to 
the surface of liquid metal [8-13]. When the liquid metal bath is 
stirred with an inert gas, the liquid aluminium, gas bubbles, and 
non-metallic particles are moved toward the surface. The removal 
process can be divided into three stages: buoyancy of the particle 
phase to the interfacial division boundary, penetration through the 
interfacial division boundary, dissolution in the liquid refiner, or 
removal directly to the atmosphere. Stage 2, presented in the 
present work, is an important element in the refinement, which is 
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to guarantee the required purity of liquid aluminium or its alloy. If 
a given inclusion gets close to the liquid aluminium-melted refining 
agent (flux) interface, then the physicochemical parameters of the 
particle-liquid-metal-flux system will determine whether a given 
particle is permanently expelled from the liquid metal or not. In the 
course of this process, several phenomena relating to the behaviour 
of the particle may take place, e.g., flowing out, repulsion, 
absorption, and oscillation at the liquid metal/coating layer 
interface [10, 13-16]. 

The parameters that determine the removal efficiency of 
particle will be the viscosity of the the layer on top of liquid metal, 
the densities of the particle and the fluid, as well as the interfacial 
tensions at the interface of the three phases [4, 15-21]. One of the 
most important parameters determining the effectiveness of the 
removal of particles from the slag is its viscosity. Figures [1 - 4] 
show the viscosity isotherm lines for selected bicomponent flux 
systems used for aluminum refining [11]. It follows that at Al2O3 
content of 0-9.8%, the viscosity of the investigated Na3AlF6 Al2O3 
system varies in a minimal range. An intense increase in viscosity 
is observed at about 15 wt.% Al2O3 content. In the case of the 
Na3AlF4 - Li3AlF6 system, the viscosity isotherms reach their 
minimum at the Li3AlF6 content of approximately 60 wt%, similar 
isotherms are observed for the system. Na3AlF4 – LiF system. The 
special importance is that this case is presented for the Na3AlF4 
NaCl system, where viscosity decreases with the addition of NaCl 
[11]. 

 

 
a) 1. 1000°C, 2. 1050°C 

 

 
b) 1. 950°C, 2. 1000°C, 3. 1050°C 

Fig. 1. Viscosity isotherms of the melted mixtures: 
(a) Na3AlF6 – Al2O3, (b) Na3AlF6 – Li3AlF6 [11] 

 
a) 1. 900°C, 2. 950°C, 3. 1000°C, 4. 1050°C 

 

 
b) 1. 850°C, 2. 900°C, 3. 950°C, 4. 1000°C, 5. 1050°C 

Fig. 2. Viscosity isotherms of the melted mixtures: 
(a) Na3AlF6 – LiF, (b) Na3AlF6 – NaCl 

 

 
a) 1. 1000°C, 2. 1050°C 
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b) 1. 1000°C, 2. 1050°C 

Fig. 3. Viscosity isotherms of the melted mixtures: 
(a) Na3AlF6 – MgF2, (b) Na3AlF6 – CaF2 

 

 
Fig. 4. Impact of different additions on the viscosity of cryolite 
at 1000 ° C temperature; Numbers denote different additions: 

1. MgF2, 2. CaF2, 3. Li3AlF6, 4. NaCl, 5. LiF 
 
 

2. Mathematical Model Equations 
 

The movement of the particle within the slag during 
assimilation phenomena is described by the set of equations that 
will be presented in the following paragraph.  

The buoyant force, FW is given by equation (1), [9]: 
 

( ) gRF WSbW ⋅−⋅∆⋅⋅= ρρ3

3
4

 (1) 

where ∆b is the value that can be calculated using expression: 
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where: 

ρM - alloy density [kg/m3], 
ρW - particle density [kg/m3], 
R - radius of the particle [m], 
g - gravity acceleration [m/s2], 
Z - particle position coordinate [m]. 

 
The capillary force [9] can be calculated from: 
 
( ) WMWSMS RRZRF σπσπσππσ ⋅⋅⋅−⋅⋅⋅+⋅⋅⋅+⋅⋅−= 2222  

 (3) 
where:  
σMS, σWS, σWM - interfacial tensions at the interface of phases: 

MS for metal – slag, WS for particle – slag, WM for particle – metal, 
[J/m2]. 

 
The viscosity force is given by equation (2), [9]: 
 

dT
dZBRF SVIS ⋅⋅⋅⋅⋅= ηπ6  (4) 

where B value depends on the value of 𝑍𝑍
𝑅𝑅
ratio: 
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and ηS, ηM parameters denote slag and alloy viscosity [Pa·s] 
respectively. 

 
The added mass force: 
 

𝐹𝐹𝑚𝑚 = 1
2
∙ 4
3
𝜋𝜋 ∙ 𝑅𝑅3𝜌𝜌𝑆𝑆∆𝑏𝑏

𝑑𝑑2𝑍𝑍
𝑑𝑑𝑡𝑡2

 (7) 
where the parameter t denotes the time [s] 
 
The buoyant force, FW (1), among others, depends on the 

position versus surface that separates phases. This position is 
denoted by the Z variable and may have positive or negative values. 
For particle that crosses the surface Z variable is positive. The 
capillary force, Fσ (3), is related to the value of surface tension. As 
particle moves vertically, force change sign. Usually the surface 
tensions at the particle-metal and particle-slag hold the relation: 
σWM σWS, if this condition is fulfilled, the particle travels from 
metal to slag. As critical values of surface areas wetted by slag and 
metal are reached, the direction of capillary force changes, and this 
force starts to counteract the process of moving precipitation 
particle from metal to slag. The value of the capillary force depends 
on the chemical composition of the metal alloy and the slag [10,13-
14]. Another force that has an impact on the position of the 
precipitation particles is the viscosity force, FVIS (4). 

This force value depends on the viscosity of metal and slag, and 
their impact on the movement through interfacial boundary, impact 
of mentioned viscosities on the viscosity force is gathered in the 
value of coefficient B. This coefficient value changes during the 
particle movement with the change in the precipitation position Z. 
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Another force, Fm (7), represents the added mass force, as a result 
of Newton’s second law of motion. 

The Frep (9) is the the repulsion force that is result of the 
resistance of the slag surface to the assimilation of particles. The 
value of the surface energy, E, during the movement through 
phases boundary is given by equation (8): 

 
𝐸𝐸 = − 𝜋𝜋 (2 ∙ 𝑅𝑅 − 𝑍𝑍 − 𝑍𝑍2) ∙ 𝜎𝜎𝑀𝑀𝑆𝑆 + 2𝜋𝜋 ∙ 𝑅𝑅 − 𝑍𝑍 ∙ 𝜎𝜎𝑊𝑊𝑆𝑆 

+ 2𝜋𝜋 ∙ 𝑅𝑅 ∙ (2 ∙ 𝑅𝑅 − 𝑍𝑍) ∙ 𝜎𝜎𝑊𝑊𝑊𝑊
 (8) 

As the particle crosses the phase boundary, the energy 
changes. This phenomenon is related to the particle - slag in the 
surface change of the contact area, the particle - metal and metal 
– slag. As a result, repulsive force appears, which inhibits particle 
movement into the slag. 

 
The repulsion force [10]:  
 

𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟 =  𝑑𝑑𝑑𝑑
𝑑𝑑𝑍𝑍

= 2𝜋𝜋 ∙ 𝑅𝑅 ∙ 𝜎𝜎𝑀𝑀𝑆𝑆 −
𝑍𝑍
𝑅𝑅
− 1 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (9) 

The cosinus angle can be calculated on the basis of the 
interfacial tensions ratio: 

 
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜎𝜎𝑊𝑊𝑊𝑊−𝜎𝜎𝑊𝑊𝑊𝑊

𝜎𝜎𝑊𝑊𝑊𝑊
 (10) 

 
 

3. Methodology of numerical approach 
 

Within described research computer programme that was based 
on above equations 1 - 10 was prepared by the authors. It allows to 
prepare simulation of non-metallic particle behaviour at the 
aluminium alloy – top slag boundary. The block diagram which 
shows calculation algorithm is shown in Fig. 5. The computer 
program was prepared in the C++ programming language as 
a console application. The input and output data are stored in files, 
which format is a strict set. Each line of input file refers to different 
input parameters, and numerical model inputs are also gathered in 
the file. Lines consists of three parts, user-friendly parameter 
description, parameter value, and unit. The mentioned parts are 
separated by space symbol. The first line has output data names, 
again separated by space symbol. The following lines consist of 
values only; there is no more text in the file, and the values are 
separated by space. Such construction of the output file allows it to 
be easily used in a spreadsheet. After starting the computer 
programme finds the input file and initiates inner variables with 
proper values. The output file is also initiated at this point. Some 
initial values are calculated on the basis of input data from input 
file, those values are contact angle (11) and particle initial velocity: 

 
𝑉𝑉0 = 2

9
∙ 𝑅𝑅2 ∙ 𝑔𝑔 ∙ 𝜌𝜌𝑊𝑊−𝜌𝜌𝑊𝑊

ℎ𝑊𝑊
 (11) 

 

Further, computational loop starts, time step is set in the input 
file. Values of forces are computed. Base of this values and 
Newton’s Second Law of Motion differential equations are 
prepared. This set of Ordinary Differential Equations (ODEs) is 
solved using Runge-Kutta 4th order method. At given times 
(calculated on the base of time step length) data is added to output 
file. Computations are stopped when end of computation time is 
reached or whole particle is in the slag. After fulfilling the end 
condition for the computational loop all disk files are closed and 
computer program terminates. 

 

 
Fig. 5. The block diagram of the computer program for 
simulation of particle behaviour on the phase boundary 

 
 Calculations of the particle velocity and trajectory at the phases 

boundary was performed for different initial radiuses under 
spherical particle shape assumption, radius of the particle was 
changed in the range 1 - 20[µm]. During simulations two types of 
particles were taken into account: KF and KCl, physical data for 
each of the non-metallic particles are gathered in the table 1. 
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Table 1.  
Data for non-metalic particles used for simulation [8-9, 22] 

Particle type Density ρ Surface tension σWM Surface tension σWS Surface tension σMS 
Units [kg/m3] [N/m] 
KF 2480 0.5 0.05 0.28 
KCl 1980 0.792 0.0792 0.28 

 
 

4. Results and discussion 
 
Simulations lead to the determination of the position of the 

particle versus the surface of the slag. Obtained results are 
presented in the form of figures. In the figures, selected 
combinations of the results are collected. The figures presented 
may be divided into two groups: first, the velocity and position of 
KCl and KF particles in time are compared, and the second group 
shows the varying viscosity impact on the KCl particles and KF 
particles behaviour when travelling into the slag. 

In figures 6 - 9 plots of the position in the slag are shown for 
different particle radiuses: 1, 5, 10, 20 µm. Calculations were made 
under the assumption that the viscosity of the slag is equal to 0.0015 
[kg/m·s]. As the coordinate H (depth of penetration of the slag by 
the particle) increases, the particle travels through into the slag 
layer. This fact was noted for all analysed cases. Growth of the H 
coordinate means that the particle is moving into slag. Growth of 
this line depends on the characteristic of movement and changes in 
time. If the movement of the particle stops – horizontal line in plot, 
it means that it was absorbed by the slag. 

Analyse of the results presented in figures 6 - 9 allows to state 
that for the particles of greater radiuses, depth of slag layer 
penetration is deeper. In the case of 1 µm particle penetration depth 
is in the range of 1.6 – 2 µm. In the case of 20 µm particle 
penetration depth is in the range of  33 – 40 µm. Taking into 
account the depth of variation of the particle size is similar as one 
scales it to the size multiplication factor. 

Another observation can be made on the influence of the non-
metallic particle type on a particle movement. In the case of the 
KCl particles, a different behaviour can be seen than for the KF 
particles. The KCl particles travel through the slag faster, but their 
penetration is not as deep as calculated for KF particles. The 
velocity, U, plots for different sizes of particles prove that the 
penetration rate for different non-metallic particles differs 
significantly. The KCl particle moves with high velocity at the 
beginning of the process and then slows down rapidly. In the case 
of KF particle, for a long time since beginning of the process, the 
velocity is about similar value. Then it is decreased to zero. Similar 
observations can be made for all sizes of particles that were taken 
into account: 1, 5, 10, 20 µm. In the case of KCl particles the 
velocity in the slag is much higher than the velocity of KF particles 
at the beginning of the process. But as they slow down they velocity 
approaches zero very fast, while KF particles still have relatively 
high velocity. In comparison with results presented in figures 6 - 9, 
this explains why the slag penetration of KF particles is deeper than 
that of KCl. 

 

 
Fig. 6. Non-metallic particle of 1 µm position versus  

slag – metal surface 
 

 
Fig. 7. Non-metallic particle of 5 µm position versus  

slag – metal surface 
 

 
Fig. 8. Non-metallic particle of 10 µm position versus  

slag – metal surface 
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Fig. 9. Non-metallic particle of 20 µm position versus  

slag – metal surface 
 

 
a) 1 µm 

 
b) 5 µm 

 
c) 10 µm 

 
d) 20 µm 

Fig. 10. Velocity of different size particles while travelling 
within the slag. Sizes of particles used for calculations:  

(a) 1 µm, (b) 5 µm, (c) 10 µm, (d) 20 µm 
 
The size of non-metallic particles also impact on the velocity. 

In general, the larger particles move faster in the slag. This 
observation can be made for both types of particles. This result is 
consistent with previous results of particle position in the slag. The 
larger particles penetrated the slag deeper than the smaller particles 
(Figures 6 - 9). The time of particle assimilation by the slag is more 
or less the same. The process ends when the particle position line 
becomes horizontally flat in particle position versus slag – metal 
surface plots. The velocity plots (Fig. 10) allows to analyse 
movement rate of the particle; in this case assimilation process ends 
where velocity value equals zero. 

Another subject of this study was to analyse the viscosity of the 
movement of slag impact on the particles in the slag as well as it’s 
assimilation by the slag. Results for the selected particle radius are 
presented in Figures 11 and 12. Figure 11 shows a comparison of 
the particle position change in time for KCl and KF particle and for 
different values of slag viscosity. The radiuses of the compared 
particles are 5 and the 20 µm and selected slag viscosities are: 
0.0012, 0.0015, 0.0018 [kg/m·s]. It can be noted that for higher 
values of viscosity particle travelling rate is slower. The curves for 
the radiuses analysed and values of viscosity are similar. However, 
for greater viscosity values curves are less rounded. 
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a) KCl particle, r = 5 µm 

 
b) KF particle, r = 5 µm 

 
a) KCl particle, r = 5 µm 

 
b) KF particle, r = 5 µm 

Fig. 11. Position of the particles in the slag for different 
particle sizes: 5, 20 µm and different particle types: KCl and 

KF particles 
 
The particle movement in the slag is slower and is visible on 

the curve. The curves for the KCl particle are more rounded than 

for the KF particle. For the viscosity value equal to 0.0018 [kg/m·s] 
curve is similar to two lines that are joined smoothly at a very short 
distance. The results show that penetration depth in the case of KCl 
particles is not as deep as in the case of KF particles, but this 
difference value is not large. It became greater for the particles of 
a larger radius. 

In Figure 12 the change of the position of the particle in the slag 
and change of its velocity during the process are shown for different 
viscosities of the slag. Calculations were made for both types of 
non-metallic particles KCl and KF of chosen radius of 10 µm. It 
can be seen that for low values of slag viscosity the travel speed at 
the beginning of the process is greater but slows down very fast. In 
the case of higher viscosities at the beginning of the process, the 
velocity is not as large as in the previous case, however, its value 
is stable at this level for a longer period of time. For high 
viscosities, the case of high viscosities 0.0018 [kg / m·s] velocity 
for long time is almost constant. 

 

 
a) position of KCl particle, r = 10 µm 

 
b) velocity of KCl particle, r = 10 µm 
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c) position of KF particle, r = 10 µm 

 
b) velocity of KF particle, r = 10 µm 

Fig. 12. Position, H, and velocity, U, of different type 
particles of 10 µm radius in slag. Plots for KCl particles are 

labelled (a), (b) and plots for KF particles (c), (d). 
 
Calculated velocities for KCl particles are greater than for KF 

particles, and for both particle types the depth of penetration is 
similar. This is due to the movement time in the slag, which is 
longer for KF particles than for KCl particles. 

 

4. Conclusions 
 

1. In terms of paper size and type of non - metallic particle, the 
influence of slag viscosity on the particle assimilation 
process to slag was examined. The presented discussion of 
the obtained results leads to the following conclusions: 

2. During a particle assimilation into slag, the depth of 
penetration of the slag layer depends on particle radius and 
the non-metallic particle type. The greater the particle radius, 
the deeper the penetration depth. In the analysed cases, KF 
particles went deeper into the slag layer than KCl particles. 

3. The values of the velocity of the particles are also dependent 
on its radius. For the greater particles, the velocity value is 
greater. The velocity changes during the assimilation 
process; its change characteristic depends on the particle 
type. 

4. It can be seen from the velocity curves stage of the 
assimilation process. When the particle velocity is equal to 
zero, the assimilation process ends. 

5. During the viscosity of the examination, three values of the 
slag were taken into account: 0.0012, 0.0015, 0.0018 [kg / 
m·s]. Viscosity values have the great impact on a particle 
velocity characteristic during the assimilation process. For 
smaller viscosity values, velocity at the beginning of the 
process is greater, but it slows down rapidly. For greater 
viscosity values, the velocity at the beginning of the process 
is smaller, but it is almost constant for a long period of time 
before it starts to slow down. 

6. Impact of slag viscosity on the slag penetration depth of 
penetration of the non-metallic particle depends on its type. 
In the case of KCl particles of the same size, the penetration 
depth is more less the same. In the case of KF particles of the 
same size, penetration depth is deeper for greater viscosity 
values. However, these differences are rather insignificant. 
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