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Abstract 

Castings of aluminum alloys are widely used in the automotive and aerospace industries 
since they play a significant role in improving the performance and fuel efficiency. In 
aluminum industries, sampling is the most common method to evaluate the inclusion 
levels which is a key indicator for the quality of the aluminum alloys. Since how the 
filling process and solidification process will influence the inclusion characteristics 
during the sampling procedure is of great importance, the objectives of this work is to 
create a the two-phase flow model to simulate the filling process and solidification 
process, as well as calculate the particles movement in the whole sampling procedure. 

Computational Fluid Dynamics (CFD) modeling was used and this work was 
performed in the software ANSYS FLUENT. A numerical two dimensional (2D) 
axisymmetric model was built to simulate the sampling procedure with the assumption 
that the filling could be done along the main axis automatically. First, the initial 
solidification during the filling was taken into account without particle injection. The 
realizable k − ε turbulence model was used to model the effects of the turbulence. 
Several simulations with different inlet filling rate, different initial filling temperature 
and different inlet diameter was calculated to see the influence on the solidification 
behavior. Then, the whole sampling system was modeled with particle injection. The 
Discrete Phase Model (DPM) was used to simulate the particle motion in the melt and 
the focus was on the influence of the initial solidification on the inclusion distributions. 
Finally, the optimal sampling position inside the aluminum sampler mold was 
calculated. 

 

Keywords: Numerical modeling, Aluminum sampling, Solidification process, 
Inclusion distribution, Ansys Fluent.  
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1. Introduction 

1.1 Background 

Castings of lightweight materials, such as aluminum alloys, are widely used in the 
automotive and aerospace industries since they play a significant role in improving the 
performance and fuel efficiency. Therefore, the quality of the aluminum alloys is very 
necessary to be monitored and the control of the solid non-metallic inclusion 
concentration is a conventional method in the casting process. The reason why the level 
of the inclusion concentration in aluminum alloys or other metals is a key indicator is 
that the presence of these inclusions in aluminum alloys will cause the reduction of the 
product performances. In metal industries, sampling is the most common method to 
evaluate the inclusion levels. 

 

1.2 Liquid Aluminum Sampling Procedure  

The major sampling technique used in Aluminum industry is casting a small ingot in a 
steel mold. The Aluminum melt sample is poured into a sample mold by using a spoon 
taking from the furnace. And then a part of the ingot is investigated to be representative 
of the inclusion distribution in the sample mold. The whole process of liquid aluminum 
sampling is illustrated in Figure 1.  

 

Figure 1. Process of liquid Aluminum sampling. 
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1.3 Literature Review  

A successful sampling optimization of molten steel has been down by Zhi Zhang and 
Ola Ericsson [1-7]. Zhi Zhang presented an experimental and numerical study of the 
liquid steel sampling process of both the lollipop-shaped sampler and the rectangular-
shaped sampler.  

Firstly, he created a physical water model to simulate the process of filling a lollipop-
shaped sampler vessel and observed the three different flow patterns in the sampler 
vessel by using a PIV system [2]. Then a mathematical model for simulating the flow 
fields inside the lollipop-shaped water sampler was created by him by using CFD 
method. Two different turbulent models were employed in this numerical model: 
realizable k- ε  model and Wilcox k-ω  model. Final result is that he found the 
simulation results from Wilcox k-ω model has better consistence with the PIV results 
[3]. Furthermore, he put forward another numerical model for simulating the flow fields 
inside the lollipop-shaped sampler without solidification process using liquid steel 
instead of water to investigate the flow patter. In this model, he used Wilcox k-ω model 
with different initial filling conditions [4]. In addition, he presented an extension model 
on the basis of previous numerical model with calculating the solidification process to 
study how the solidification process would influence the flow pattern and particle 
movement [5]. A DPM model was utilized to computed the particles movement in the 
liquid steel and inside the liquid steel different sized primary inclusions inside ladles 
were injected into this numerical model. He examined the inclusion concentrations at 
different regions inside the sampler and found the optimal position to be the 
representative of the inclusion level.  

Moreover, Zhi Zhang applied the same method to create simulations for the 
rectangular-shaped sampler physically and numerically. Wilcox k-ω turbulence model 
was utilized in this simulation and the results has been verified by the experiment results 
[6].  

According to previous studies presented by Zhi Zhang, the filling and solidification 
process in the sample mold has an impact on the inclusion distribution inside the 
sampler. Therefore, it is very important to create a mathematical model for calculating 
a position inside the sampler to be the optimal sampling position which can 
representative of the mean inclusion distribution in the sampler.  
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1.4 Aims  

The aim of this work is to present a 2D mathematical model for simulating the filling 
process and solidification process inside the aluminum sampler mold, as well as 
observe the inclusion particles motion and distribution in the whole sampling procedure. 
In addition, another aim of this work is to identify the optimal sampling position inside 
the aluminum sampling mold. Furthermore, this work will also show whether the initial 
parameters, such as initial filling velocity and filling inlet diameter and filling 
temperature, will influence the solidification process or not.  

 

 

1.5 Social and ethical significance  

The numerical model in this study can be an assistant for choosing the sampling 
position in real industries, which is of great importance. Since more accurate selection 
of sampling location will lead to more stable and realistic product quality. With better 
product of aluminum alloys, automotive and aerospace industries will have better 
production which will make our life be safer. In other words, this thesis work can bring 
benefits to our life and work in society. 
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2. Theory and Calculation 

2.1 VOF Method 

Volume of fluid (VOF) method put forward by Hirt and Nichols [8] is widely used in 
calculating the dynamics of free surface of two or more different fluid phases by solving 
the momentum equations and tracking [19]. VOF method can be only utilized for two 
or more fluids which are impermeable to each other and among all phases only one 
phase can be assumed to be compressible. In this thesis work, air and liquid aluminum 
are employed to be two immiscible phases. Moreover, in multiphases’ calculation VOF 
model can be also used in the solidification and melting process.  

In general, a time-dependent volume fraction of each fluid phase in the computational 
cell can be computed by VOF calculation. In this thesis work, the volume fraction of 
liquid aluminum F in a control computational mesh grid can be defined as following 
three different conditions:  

● F=0, this grid is filled with the air phase.  

● 0<F<1, this grid is at the interface of two phases. 

● F=1, this grid is filled with the liquid aluminum phase. 

 

2.2 Turbulence Model 

The k-epsilon model has been widely utilized to calculate the turbulence effects in the 
flow fields in metal industries. This model contains two major variables which are 
turbulent energy k and turbulent dissipation 𝜀. The transport equations of realizable k-
epsilon model to calculate the turbulent behaviors of the flow field are described as 
following equations [19]: 
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Where 

CE = max O0.43 T
THU

V ,				η = S :
Z
	 , S = [2S]0S]0 . 

Realizable k−ε model is a relatively new model on the basis of standard k−ε model. 
Realizable model computes the new equation of turbulent velocity and the new equation 
of ε is derived from the exact transport equation of the eddy fluctuation’s root-mean-
square [20]. One of the advantages of the realizable k−ε model is this model satisfies 
the constraints on the Reynolds stress thus it can keep consistent with the Reynolds 
stress of real physics turbulent flow. 

 

2.3 Solidification Model 

Solidification and melting model is available in the Fluent which can be used for 
simulate the melting and solidification process by enthalpy-porosity method [19]. This 
model is not focus on the interface between different phase as VOF model and 
calculates the liquid fraction of fluid in each mesh grid of the computational domain. 
In the simulation of solidification process, the fluid domain will be considered as three 
regions, solid, fluid and mushy zone region. Mushy zone region contains the phase of 
which the liquid fraction is between 0 and 1.  

 

2.4 Discrete Phase Model 

DPM model is utilized to calculate the motion and path of particles in the fluid field. 
The boundary conditions for discrete phase consist of four types. Reflect model 
indicates the particles will get back to the fluid field when they reach the wall. Trap 
model means when the particles reach the wall they will get caught by the wall. Escape 
model is utilized if particles leave the fluid field when they reach the boundaries and 
this model is usually used for the inlet or outlet boundary of the fluid field. In addition, 
the final type is wall-jet model which is not used in this work. 
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3. Material and Methods 

3.1 Numerical Assumptions 

In order to perform the simulation of the sampling procedure more fluently and with 
considering the computer calculation time, several assumptions were made in this thesis 
work’s mathematical model.   

●  There are two fluid phases, air and pure Al-melt and both of them are incompressible 
Newtonian fluids.  

●  Assume the pouring flow rate is constant and the filling process could be performed 
automatically along the center axis.  

●  The inclusion particles size, concentration and density are assumed to be constant. 

●  The injected inclusion particles are pure Al2O3 and assumed to be spherical. 

●  The particle collisions and agglomeration in the computational domain are not 
considered.  

●  Assume there is no chemical reactions take place in the calculation domain.  

●  There is no contact resistivity in this system. 

 

3.2  Geometry and Mesh 

A two dimensional axisymmetric model was employed in this simulation work and 
Figure 2 shows the geometry of the sampling mold domain which is mirror symmetry 
of the central axis. Area A-C-D-E is simulated to be fluid domain and outer areas 
(sampler mold) are calculated as solid phase with the material of carbon steel.   
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Figure 2. Schematic of the sampling mold domain, the figure is mirrored around the 
axis A-E-F. 

A-B is assumed to be the inlet for melt filling and the initial inlet diameter is set up as 
6mm. Due to before pouring Al-melt into the sampler mold the fluid domain is filled 
with air, once melt fluid comes into this domain some air will get out. Then B-C is set 
to be outlet for air. As shown in Figure 2, C-D-E is set to be the inner wall between the 
fluid phase and the solid phase and C-J-I-H-G-F is considered as the outer-wall of the 
solid phase. 

 

Figure 3. Mesh of the sampling mold domain. 

Face mesh with sizing of 1mm was utilized in this simulation and the mesh created for 
the 2D geometry is shown in Figure 3. The reason why face mesh is chosen to be 
employed in this numerical model is uniform mesh will be beneficial to later particle 
calculation. In order to calculate the free surface motion between two fluid phases by 
VOF model, quadrilateral grids should be created in the whole area near the free surface 
in 2D model. In addition, another coarser mesh (1.5mm) and another finer mesh 
(0.8mm) are also performed in order to do mesh sensitivity analysis in the beginning of 
this simulation work to make sure the accuracy of the numerical model. The total 
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number of nodes and elements of three different mesh densities are summarized in 
Table 1.   

Table 1. Different mesh information 

 1.5mm 1mm 0.8mm 

Nodes 1528 3445 5112 

Elements 1422 3315 4953 

  

 

Figure 4. Points for mesh sensitivity analysis . 

For mesh sensitivity analysis, three different points are set up in the calculation domain 
near the center axis like Figure 4 shows. And Table 2 describes the coordinates of these 
three points in the calculation domain. The solidification time of each point with each 
mesh are calculated and compared in the following results and discussions section. Due 
to the melt fluid will solidify from the inner wall to the center axis, the calculated points 
are chosen to be near the center axis that solidification time will be closer to the total 
solidification time of the Al-melt.  
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Table 2. Position of three points for mesh sensitivity analysis. 

Point  Position 

Point-1 （0.022, 0.0005）m 

Point-2 （0.030, 0.0005）m 

Point-3 （0.030, 0.005）m 

 

3.3  Numerical Models   

A number of sub-computational models are used in this study since the simulations will 
be performed in three incremental stages.  

Firstly, in order to simulate the liquid aluminum filling process and observe the flow 
pattern of air and aluminum phases VOF method is used, which is to compute the 
movement of the free boundary between the air phase and liquid phase. The theory of 
VOF method has been summarized in the previous section. Furthermore, once pouring 
the liquid aluminum into the sampler mold, the fluid flow will be affected by turbulence 
then the realizable k − ε model is also utilized. Table 3 below describes the constants 
setup for the realizable k − ε turbulence model in FLUENT.  

Table 3 . Constants for the realizable k-ε model 

CF C6 σ: σZ Energy Prandtl number Wall Prandtl number 

1.9 0.09 1.0 1.2 0.85 0.85 

 

Secondly, after simulating the filling process of the sampling procedure, solidification 
process of pure aluminum should be also calculated. Then the solidification and melting 
model was also utilized on the basis of the first step to simulate the initial solidification 
process during and after the filling process. In this step, the inclusion distribution is not 
calculated in the simulation model. 
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Figure 5. Particle injection properties set-up. 

Finally, after simulating the solidification process during and after filling process, the 
inclusion particles distribution need to be computed by employing the Discrete Phase 
Model (DPM) , which is utilized to model the alumina particles motion and distribution 
in the al-melt. Two physical models in DPM are also used together in this simulation 
in order to make the simulation results to be physically more reliable. Pressure gradient 
force is the assumed to force in the particles. Due to the influence of this force, different 
position in the flow field will have different pressure, which is extremely important to 
make the heavier alumina particles precipitate in the lighter al-melt. Furthermore, the 
virtual mass force is another force used due to in the flow field a particle is moving and 
being accelerated. In addition, the discrete random walk model is also used to simulate 
the turbulence effects on the particles in the fluid domain.   

Group injection type is employed in this simulation and the particle injection properties 
set-up is shown in above Figure 5.  

 

3.4  Properties of Materials 

For the two phases in flow field, air and liquid aluminum are employed in this system 
and their material properties are displayed in Table 4. In this work, the filling liquid 
melt is assumed to be pure aluminum and the sampler mold material is assumed to be 
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carbon steel. In addition, only the alumina inclusions are calculated in this simulation. 
To make sure that the inclusions in the solidified area do not move anymore, especially 
not keep falling down in the calculation domain, the density of the alumina is set to be 
the same as the al-melt density when the temperature is under the liquidus temperature. 

Table 4. Materials properties of liquid phases, particles and mold [9-17] 

Properties Air Pure aluminum Al2O3 
Carbon 

steel 

Density (kg/m3) 1.225 
2643 (T<933.47K) 

3900 7850 
2296 (T>933.47K) 

Heat capacity, cp (J/kg-
K) 

1006.43 910 880 490 

Thermal conductivity 
(W/m-k) 

0.0242 
190 

- 54 
100 

Viscosity (kg/m-s) 1.7894e-5 0.00138 - - 

Molecular weight 
(kg/kgmol) 

28.966 26.98 - - 

Pure solvent melting heat 
(J/kg) 

- 39800 - - 

Solidus Temperature (K) - 916.483 - - 

Liquidus Temperature 
(K) 

- 930.372 - - 

Surface tension, (N/m) 0.84 - - 

Diameter (m) - - 100e-6 - 
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3.5  Boundary Conditions 

3.5.1 Inlet boundary  

The inlet boundary (as A-B shown in Figure 2) is set to be velocity inlet with several 
different x-component velocity values and different temperature. The boundary 
conditions at the inlet are described as follows for the initial simulation:  

1) Velocity = 0.81 m/s; 

2) Temperature = 1300K; 

3) Influence on particles = escaped.  

3.5.2 Outlet boundary  

The outlet boundary is set to be pressure outlet for the gas phase. Zero Pa is utilized for 
the outlet boundary conditions and the temperature of the gas coming out is set to be 
800K. In addition, the influence of this boundary on the particle is set to be escaped. 

3.5.3 Inner wall boundary  

Inner wall is set to be stationary wall with Coupled conditions, these boundaries will 
reflect the particles.  

3.5.4 Outer wall boundary  

Outer wall is set to be mixed wall and the boundary conditions at the outer wall are 
summarized as follows:  

1) Heat transfer coefficient = 20W/m2-K; 

2) Temperature = 300K; 

3) Emissivity = 1. 
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3.6  Methods of Solutions 

The CFD software FLUENT 19.0 (Student Edition) is used to solve the governing 
equations and boundary conditions. Coupled scheme is used for pressure-velocity 
coupling calculation. And the PRESTO discretization method is used for solving the 
pressure. In addition, the second order upwind discretization schemes are applied for 
calculating the momentum and energy equations. Other parameters are calculated by 
first order upwind discretization schemes with considering the simulation time. 
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4 Results and Discussion 

The simulation in this thesis work was performed in three incremental stages. The first 
step is simulating the filling process of the sampling procedure without calculating the 
solidification process and particles distribution to make sure the simple model can 
create flow pattern successfully. Then the second step is to add the solidification and 
melting model to the initial system to simulate how different filling parameters 
influence the solidification behaviors. The final step is simulating how the particles 
movements and inclusion concentration during the solidification process will be 
affected by fluid dynamics with different physical parameters. On the other hand in the 
final step, the optimal position inside the sampler mold for taking ingot sample from 
the entire melt domain is calculated and pointed out according to the conditions and 
assumptions given in the beginning of this simulation. 

4.1 Mesh sensitivity 

Table 5 summarizes the solidification time of three points and the total solidification 
time with three different mesh. Compare the mesh used in the initial simulation—1mm 
with the finer mesh and the coarser mesh, there are both only a very small difference, 
less than 2%. Therefore, calculating with 1mm mesh in the following simulations is 
enough to get the accurate solutions. 

Table 5. Solidification time of each point with different mesh size 

Solidification time     Point-1 Point-2 Point-3 Total 

Mesh-1.5mm 5.135 5.142 4.582 5.18 

Mesh-1mm 5.168 5.234 4.587 5.25 

Mesh-0.8mm 5.216 5.066 4.436 5.22 

 

Figure 6, Figure 7 and Figure 8 also display how the aluminum liquid fraction at each 
chosen point changes with flow time during the whole sampling procedure, from total 
liquid to total solid in the computational domain. Moreover, the difference of each 
point’s solidification process with three kinds of mesh size can be investigated from the 
following three figures. The results with these three different mesh are both similar for 
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three different points in the calculation domain. Therefore, considering the simulation 
time, the middle mesh with 1mm will be utilized in this work which has high mesh 
quality. 

 

Figure 6. Al liquid fraction at different flow-time with different mesh at point-1. 

 

Figure 7. Al liquid fraction at different flow-time with different mesh at point-2. 
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Figure 8. Al liquid fraction at different flow-time with different mesh at point 3. 

 

4.2 The Solidification Process 

In theory, the filling velocity, initial filling temperature of liquid aluminum and initial 
filling inlet diameter, both of these parameters have an impact on the solidification 
process, which will be illustrated in the figures and tables below. 

All figures (Figure 9-16) have been sampled at 1, 2 and 3 seconds respectively from 
the start of filling the mold, with different initial filling conditions. The dark blue region 
indicates the completely solidified material and the green and yellow regions present 
the mushy zone. 

4.2.1 Different filling velocity 

In order to investigate how the filling velocity of the aluminum will affect the behavior 
of the solidification process, three simulations with different initial filling velocity were 
calculated, 100%, 66.7% and 50% initial filling velocity respectively. From the results 
presented in Table 6 it is shown that the total solidification time of aluminum in the 
sampler mold with different inlet filling velocity and demonstrates the filling velocity 
has an impact on the solidification process, which is also illustrated in the following 
figures 9-11. In addition, as can be seen from these figures, the aluminum melt 
solidified from the side inner wall first and then to the center of the liquid aluminum 
which is close to the real solidification process of filling a vessel.  
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Table 6. Total solidification time for different filling velocity 

Filling velocity Total solidification 

100% 5.25s 

66.7% 6.35s 

50% 7.21s 

 

Figure 9. Solidification of the Aluminum at 1, 2 and 3 seconds respectively from the 
start of the filling of the mold, 100% filling velocity. 

 

Figure 10. Solidification of the Aluminum at 1, 2 and 3 seconds respectively from the 
start of the filling of the mold, 66.7% filling velocity. 
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Figure 11. Solidification of the Aluminum at 1, 2 and 3 seconds respectively from the 
start of the filling of the mold, 50% filling velocity. 

From both Figure 9-11 and Table 6, it is clearly illustrate that a lower filling velocity 
will lead to a longer complete solidification time, this result was expected since the 
main method for heat transfer from the melt to other areas in the computational domain 
is by heat conductions through the inner walls and heat convection with air phase. 
During the filling process, if the filling velocity increases, the convective transport in 
the fluid domain from the beginning of the filling process will become stronger, and 
then the total heat transport from the melt to the wall and the air will be more efficient. 

 

4.2.2 Different initial filling temperature 

Table 7. Total solidification time for different initial filling temperature 

Initial filling temperature Total solidification 

1300K 5.25s 

1200K 5.05s 

1100K 4.79s 
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Figure 12. Solidification of the Aluminum at 1, 2 and 3 seconds respectively from the 
start of the filling of the mold, initial filling temperature 1300 K. 

 

Figure 13. Solidification of the Aluminum at 1, 2 and 3 seconds respectively from the 
start of the filling of the mold, initial filling temperature 1200 K. 

 

Figure 14. Solidification of the Aluminum at 1, 2 and 3 seconds respectively from the 
start of the filling of the mold, initial filling temperature 1100 K. 



 20 

Table 7 indicates the complete solidification time for different simulations which fill 
the sampler mold with different liquid aluminum temperature, 1300K, 1200K and 
1100K. From the results summarized in Table 7 above, it is shown that an increased 
initial filling temperature has a positive influence on the total solidification time.  
Higher initial filling temperature corresponds to longer complete solidification time. 
And this indication can also be concluded from Figure 12-14 which illustrate the 
solidification process of liquid aluminum at 1, 2, and 3seconds respectively from the 
start of the filling of the mold, with three different filling temperature. 

This result is reasonable because the initial filling temperature of liquid aluminum 
changes means the total heat energy income changes. Higher filling temperature leads 
the increasing of total energy coming into the sampler mold with the melt, which will 
needs longer time to make the heat transport from the melt to the mold or air. 

4.2.3 Different inlet diameter 

Table 8. Total solidification time for different filling inlet diameter 

Inlet diameter Total solidification 

6mm 5.25s 

8mm 5.53s 

 

 

Figure 15. Solidification of the Aluminum at 1, 2 and 3 seconds respectively from the 
start of the filling of the mold, initial filling inlet diameter 6 mm. 
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Figure 16. Solidification of the Aluminum at 1, 2 and 3 seconds respectively from the 
start of the filling of the mold, initial filling inlet diameter 8 mm. 

Table 8 shows the total solidification time for different inlet diameters, which indicates 
large diameter leads to longer complete solidification time. And in Figure 16, liquid 
aluminum also solidified a little more slowly than the aluminum at the same time in 
Figure 15. This is reasonable since larger diameter correspond to smaller inlet velocity 
and another aspect is that with the constant filling velocity the smaller inlet of fluid will 
make the acting force more intensive.  

 

4.3 The Particle Distribution  

The final purpose of this study is to create a numerical model for aluminum sampling 
procedure which can predict the optimal sampling position inside the computational 
domain the sampler mold for the operators. The optimal sampling position inside the 
sampler mold should be representative of the entire aluminum-melt inside the 
manufacturing furnace. On the other hand, the sampling position inside the sampler 
mold is very necessary to be accurate choosing since only a very small volume ingot 
among the whole sampler in the sampling mold as well as several parameters will have 
an impact on the final inclusions concentration. Therefore, a numerical model for 
aluminum sampling process has been calculated which can display the final particles 
distribution and inclusions concentration.  

4.3.1 Different discrete random walk model  

Figure 18 and 19 show the solidification of al-melt at 1s, 2s and 3s under different 
calculating conditions. And Figure 17 and 20 illustrate the inclusions distribution under 
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two different conditions, without adding DRW model and with DRW model. The red 
particles in these figures means they are in the liquid aluminum area and the blue 
particles indicate they are in the area already solidified. The particles with the color 
between red and blue are in the mushy zone.  

With both calculating conditions, it can be observed that the particles have clustered on 
the solidification front, especially at the interface of the liquid and solid which can be 
seen from Figure 17-20. However, without adding the DRW model, there are few 
particles in the center part of the fluid domain which is not reasonable because in reality 
inclusions should be distributed homogenously in the liquid aluminum domain at the 
beginning seconds. Therefore, calculating with the DRW model when simulating the 
aluminum sampling process is necessary in this work.  

 

Figure 17. Inclusions solidification at 1s, 2s and 3s respectively from the start of the 
filling of the mold without calculating Discrete Random Walk Model. 

 

Figure 18. Solidification of Aluminum at 1s, 2s and 3s respectively from the start of the 
filling of the mold without calculating Discrete Random Walk Model. 
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Figure 19. Solidification of Aluminum at 1s, 2s and 3s respectively from the start of the 
filling of the mold with calculating Discrete Random Walk Model (time scale=0.15). 

 

Figure 20. Inclusions solidification at 1s, 2s and 3s respectively from the start of the 
filling of the mold with calculating Discrete Random Walk Model (time scale=0.15). 
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4.3.2 Different time scale with DRW model 

  

Figure 21. Inclusions solidification at 1s, 2s and 3s respectively from the start of the 
filling of the mold with calculating Discrete Random Walk Model (time scale=0.05). 

 

Figure 22. Solidification of Aluminum at 1s, 2s and 3s respectively from the start of the 
filling of the mold with calculating Discrete Random Walk Model (time scale=0.05). 

Figure 19 - 22 show how the particles have distributed at 1s, 2s and 3s when calculating 
with different time scale for DRW model. Different time scale means different strength 
of particles random walk, which will have different influence on the fluid phase. There 
is a little difference on the solidification area and the particles cluster area, this is 
reasonable since solidification front influence the particles cluster and different strength 
of random walk will cause different forces between particles and the fluid.  

Figure 23 shows how the particles have distributed at 4s and 6s when calculating with 
these two different time scale. At 6s, aluminum in two different simulations are both  
completely solidified. These four figures clearly show the particles cluster more on the 
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solidification front. Comparing the results of different time scales, with the lower time 
scale 0.05, the particles cluster a little more in the center part (shown in Figure 23 (c) 
and (d)), which looks more homogeneous than the other one. This result looks 
reasonable since larger time scale means the influence of the turbulence on the particles 
increases, there will be more obvious particles cluster on the solidified part. 

 

(a) (b)  

(c) (d)  

4s                              6s 

Figure 23. Inclusions solidification at 4s and 6s respectively from the start of the filling 
of the mold with calculating Discrete Random Walk Model, (a-b) time scale = 0.15, (c-
d) time scale = 0.05. 
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4.3.3 Different inlet diameter 

Figure 24 illustrates how the particles have distributed at 4s and 6s with different inlet 
diameter, at 6s the pure aluminum is completely solidified. Obviously, for the 6mm 
inlet particle distribution, the turbulence have much more influence, which is due to the 
higher velocity. On the other aspect, as mentioned above smaller inlet diameter leads 
to more intensive forces on the particles, this will also affect the flow field. 

(a)  

(b)  
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(c)  

(d)  

4s                              6s 

Figure 24. (a) Solidification of Aluminum at 4s and 6s respectively from the start of the 
filling of the mold with calculating Discrete Random Walk Model, 6mm inlet diameter;  
(b) Inclusions solidification at 4s and 6s respectively from the start of the filling of the 
mold with calculating Discrete Random Walk Model, 6mm inlet diameter;(c) 
Inclusions solidification at 4s and 6s respectively from the start of the filling of the 
mold with calculating Discrete Random Walk Model, 8mm inlet diameter; (d) 
Inclusions solidification at 4s and 6s respectively from the start of the filling of the 
mold with calculating Discrete Random Walk Model, 8mm inlet diameter; 

 



 28 

4.4 Inclusion concentration 

Figure 25 and 26 below shows the inclusion particles concentration in the sampler mold 
at 6s after beginning the filling process, that also illustrate the particles concentration 
in the totally solidified sampling mold with different time scales in DRW calculation. 
In this two figure, the range of particle concentration is set to be 0-20 kg/m3, since the 
mean injected particle concentration is 11.53 kg/m3. The white areas mean in this region 
the concentration of particles is larger than 20 kg/m3. Comparing Figure 25, 26 and 19-
22, higher concentration of particles appears at the solidification front and with lower 
time scale, the areas with higher particles concentration occur at the more central 
regions.  

 

Figure 25. Particles concentration [kg/m3] at 6s after start filling process (completely 
solidified) with calculating Discrete Random Walk Model, time scale = 0.05. 
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Figure 26. Particles concentration [kg/m3] at 6s after start filling process (completely 
solidified) with calculating Discrete Random Walk Model, time scale = 0.15. 

 

Figure 27. Particles concentration [kg/m3] at 6s after start filling process (completely 
solidified) with calculating Discrete Random Walk Model, time scale = 0.15. 
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For a better understanding of how this numerical model can predict the optimal 
sampling position, Figure 27 has been calculated to indicate the suitable regions for 
aluminum sampling. The initial mean injected particles concentration is 11.53 kg/m3, 
and the range in Figure 27 is set to be 9 kg/m3 to 14 kg/m3. Therefore the regions in 
Figure 27 are both in the range between 9 and 14 kg/m3, all these areas can be selected 
as the final sampling position. It should be noted the results from this numerical model 
are under several assumptions and initial boundary conditions made before calculating. 
However, this numerical model is of great importance that if all the boundary conditions 
and initial parameters are known as real industrial data, then this model can be utilized 
to predict the sampling position which will be helpful for the real aluminum sampling 
process. 
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5 Conclusions 

The aluminum sampling procedure during its filling process has been numerically 
investigated. In addition, the influence of initial filling parameters on the fluid flow, 
solidification behaviors and particles distribution have also been studied. The 
conclusions can be summarized as follows: 

● The solidification starts immediately after the liquid aluminum comes in contact with 
the inner wall of the mold. The aluminum liquid solidified at the side inner wall first 
then to the center of the liquid area. 

● Higher filling rate, shorter solidification time. 

● Higher initial filling temperature, longer solidification time. 

● Larger initial filling inlet diameter, longer solidification time. 

● The inclusions cluster area influence by the solidification process. 

● Discrete Random Walk Model is necessary for simulate inclusions distribution. 

● Time scale of DRW model have an impact on the particles distribution. 

● Inlet diameter influence particles distribution. 

● The optimal sampling position inside the sampler mold can be predict by this 
mathematical simulation. 
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6 Future Work 

In order to investigate more realistic results from the numerical models, a 3D model 
with finer mesh is suggested to be calculated for simulating the whole sampling 
procedure. In addition, the simulation results can be validated with physical 
experimental results and the assumptions and boundary conditions could be made on 
the basis of the physical experimental data. Furthermore, for a better understanding of 
the particles behaviors, more types of inclusions can be injected into the computational 
domain with different physical parameters.  
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