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Abstract 

More and more attention has been paid to decreasing the number and size of 
non-metallic inclusions existing in the final products recently in steel industries. 
Therefore, more efforts have been made to monitor the inclusions’ size 
distributions during the metallurgy process, especially at the secondary steel- 
making period. A liquid sampling procedure is one of the commonly applied 
methods that monitoring the inclusion size distribution in ladles, for example, 
during the secondary steelmaking. Here, a crucial point is that the steel sampler 
should be filled and solidified without changing the inclusion characteristics that 
exist at steel making temperatures. In order to preserve the original size and 
distributions in the extracted samples, it is important to avoid their collisions and 
coagulations inside samplers during filling. Therefore, one of the first steps to 
investigate is the flow pattern inside samplers during filling in order to obtain a 
more in-depth knowledge of the sampling process to make sure that the influence 
is minimized.  

The main objective of this work is to fundamentally study the above mentioned 
sampler filling process. A production sampler employed in the industries has been 
scaled-up according to the similarity of Froude Number in the experimental study. 
A Particle Image Velocimetry (PIV) was used to capture the flow field and 
calculate the velocity vectors during the entire experiment. Also, a mathematical 
model has been developed to have an in-depth investigate of the flow pattern in 
side the sampler during its filling. Two different turbulence models were applied 
in the numerical study, the realizable k-ε model and Wilcox k-ω model. The 
predictions were compared to experimental results obtained by the PIV 
measurements. Furthermore, it was illustrated that there is a fairly good agreement 
between the measurements obtained by PIV and calculations predicted by the 
Wilcox k-ω model. Thus, it is concluded that the Wilcox k-ω model can be used in 
the future to predict the filling of steel samplers.  

 

Key words: physical modeling, flow pattern, vortex, filling, PIV, sampler, 
simulation, turbulence, Wilcox k-ω model.  



Acknowledgements  

First of all, I would like to express my sincerely gratitude and appreciation to my 
supervisor Prof. Pär Jönsson. Your great patience, professional guidance and 
constant assistant are strong supports for me during the entire project.  
 
I also want to express my gratitude to Prof. Manabu Iguchi at Hokkaido 
University for providing me an opportunity to study in Japan.  
 
Many thanks to Dr. Anders Tilliander for the important discussion of projects.  
 
I would like to thank Dr. Mikael Ersson for the assistant of simulations and 
discussion of computer codes.  
 
I also thank my roommate Mr. Ola Ericsson for the useful discussion on our 
projects.  
 
Thanks to all my colleagues at the department of MSE. Especially thanks to my 
friends at the division of Applied Process Metallurgy for the happiness shared.  
 
Finical support by the European Union under the contract number RFSR-CT-
2007-0005 and Research Fund for Coal and Steel of the European Community are 
acknowledged.  
 
Last but not least, many thanks to my parents in China, for their never-ending 
support and encouragement.  
 

 
Zhi Zhang  
Stockholm, April 2009 



Supplements 

 

The present thesis is based on the following papers: 

Supplement 1:  “Physical Modeling of a Sampler Filling” 
    Z. Zhang, A. Tilliander, M. Iguchi and P. Jönsson 
 
 
Supplement 2:   “Mathematical Modeling of Water Sampler Filling” 
    Z. Zhang, A. Tilliander and P. G. Jönsson 
 
 
The contributions by the author to the different supplements of the thesis: 

1. Literature survey, experimental work, major part of the writing. 
2. Literature survey, numerical calculations, major part of the writing.  

 

Parts of this work have been presented at the following conference: 

“Simulation of a Sampler Filling” 
Z. Zhang, S. Yokoya, A. Tilliander and P. Jönsson 
3rd Nordic Conference for Young Scientists, 14-15 May 2008, Helsinki, Finland. 

 

 



Contents 
 
1. Introduction…………………………………………………….……..…1 
2. Experimental Work…………………………………………………..…4 

2.1 Sampler Dimension and Experimental Setup………………….…4 
2.2 Measurements of Flow Fields………………………………..…...7 

3. Mathematical Modeling…………………………………………………8 
3.1 Numerical Assumptions……………………………………..……8 
3.2 Numerical Methods…………………………………………….…8 

        3.2.1 Transport Equations…………………...…………………8 
        3.2.2 Turbulence Models………………………………………9 

3.3 Boundary Conditions……………………………………………11 
        3.3.1 Inlet Boundary……………….…………………………12 
        3.3.2 Outlet Boundary……………...…………………………12 
        3.3.3 Walls……………………………………………………12 

3.4 Properties of Materials………………………….……………….12 
3.5 Methods of Solution……………………………..………………13 

4. Results……………………………………………………..……………14 
4.1 Results of PIV Measurements…………..……………….………14 
4.2 Mathematical Simulation Results and Comparisons……………17 

5. Discussions………………………………………………………...……26 
6. Conclusions……………………………………………………..………29 
7. Future Work……………………………………………………………31 
References………………………………………………………….………32 
Appendix…………………………………………………………...………34 



 1

1. Introduction 

Recent requirements of improved material properties for high performance 
steel grades through a clean steel production lead to more and more concerns 
regarding the assessments of inclusions’ population distribution. Therefore, it is 
very important for the steelmakers to indentify various types of inclusions present 
in the melt very early during the secondary steel making. Here, it should be noted 
that non-metallic inclusions are inevitably present in liquid steel. However, they 
should be removed to the largest possible degree before solidification for the 
majority of steel grades in order to improve the material properties of the final 
product. The most commonly used technique to assess the inclusions populations 
is the liquid steel sampling procedure followed by a microscopic study. 

Figure 1 shows the schematic sketch of a disposable sampler system. A liquid 
steel sampler mold is used during this sampling process. Its schematic geometry 
is shown in Figure 2. The sampler mold is mounted in the sampling lance. The 
whole process of extracting liquid steel from a ladle, for example, can 
approximately be divided into three steps: 

1. The sampler lance is heated to a temperature of 110°C and argon flow is 
applied to blow away the air in side the sampler mold; 

2. Argon is applied through the lance into the sampler. The lance moves down 
to penetrate through the slag and enters the molten steel. Thereafter, it stops 
shortly after the steel sensor senses the steel melt. Then, argon gas is 
flushed through the sampling during the immersion of sampler in the melt. 
Hence, the pressure is set to balance the ferrostatic pressure at the sampling 
depth.1 This procedure ensures that no top slag enters the sampler during 
immersion of the sampler through the top slag; 

3. As soon as the inlet of mold has reached the position of a pre-determined 
depth, a pressurised gas is introduced by an ejector connected to the handle 
of the sampling rod to invert the argon flow. However, due to the sand used 
around the outside of sampler mold (shown in Figure 1), the pressure 
inside the sampler may not decrease dramatically. This is because the argon 
gas must penetrate into the sand first and then flow out. The sand is similar 
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to a porous media. As a consequence, the filling of the sampler, which is 
also partly caused by the ferrostatic pressure, is carried out under controlled 
conditions. After a holding time of about three to five seconds, the sampler 
rod will be lifted vertically from the melt; 
 

In order to obtain a more in-depth knowledge regarding the filling of 
production steel samplers, it is necessary to investigate the fluid flow inside the 
sampler. This, together with the turbulent characteristics of the flow, will 
especially influence the particle size distributions of inclusions. Overall, a change 
of inclusion size distributions during filling should be avoided in order to obtain 
the correct inclusion characteristics in steel at steelmaking temperatures. Thus, a 
sound knowledge of the flow field inside the sampler mold is desirable to 
determine the most representative liquid steel sampling parameters to optimise 
the correlative assessment of inclusion populations. 

 

         
 Fig. 1 Schematic sketch of the disposable sampler         Fig. 2 Schematic plot of a lollipop- 
                                                                                                     shaped sampler                                         
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In this work, physical modeling of the filling of a lollipop-shaped water 
sampler vessel has been carried out to fundamentally understand the flow field in 
the filling process of this specific sampler. This is describe in detail in 
Supplement I. Due to the viscosity similarity between the water at room 
temperature and the molten steel, water is directly used to simulate the liquid steel 
behavior in water vessels in laboratory experiments. Numerous experimental 
studies using water to simulate the liquid steel have been done in recent years.2-12  

A mathematical model has also been developed to describe the phenomena of 
the sampler filling process as described in detail in Supplement II. Computational 
Fluid Dynamics (CFD) was employed to investigate the flow pattern in this study. 
Here, it is should be mentioned that extensive work have been carried our by 
applying CFD calculations in recent years to investigate the flow pattern during 
the metallurgy process in the steel making industries.4-6, 8-15 For example, it has 
been found that the realizable k-ε model for the turbulence prediction is 
appropriate for simulations of water flow inside experimental water vessels. 
Furthermore, it is also proper for simulations of a liquid steel flow inside the 
vessels used in production such as the ladle, the tundish, the continuous casting 
mold and AOD converters. 4, 6-10, 14, 15 

Mathematical simulations of water modeling in a lollipop-shaped vessel were 
carried out to mathematically understand the flow field in the bottom filling of 
this specific vessel. Two different turbulence models, the realizable k-ε model 
and Wilcox k-ω model were selected in this study based on previous results from 
the literature reported for different metallurgy processes. More specifically, it has 
been determined which turbulence model that agrees best with the experimental 
data from the physical modeling. Different flow rates have also been applied to 
perform an in-depth study of the flow pattern under different filling conditions in 
this specific filling process. The experimental work and mathematical model are 
described in the first part of the paper. Thereafter, the results are presented and 
discussed. 
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2. Experimental Work 

2.1 Sampler Dimension and Experimental Setup 

As a base for the construction of a physical model of a lollipop-shaped 
sampler, the dimensions from a production steel sampler were used. A sketch of 
the lollipop-shaped sampler including important dimensions is shown in Figure 2. 
A production sampler typically has a 31.6 mm diameter of the body part (Φ), a 6 
mm diameter of the inlet pin (dni) and a thickness of 12 mm (W). This is a 
relatively small geometry that is quite difficult to study by using physical 
modeling. Thus, it was necessary to scale up the size of the water model in order 
to simplify the experiments. 

In these experiments, the different flow rates were calculated according to the 
Froude number similarity: 

 
mmrm FrFr ,, =                                                      (1) 

 
where rmFr ,  is the modified Froude number in a production sampler and mmFr ,  is 

the modified Froude number in the physical model of a sampler. In addition, 
calculations of the Froude number should be considered according to three 
different regions in a filled lollipop-shaped vessel as shown in Figure 3. Thus, the 
modified Froude number 16 should be expressed as follows: 

 
• Region I: Inlet of mold 
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• Region II: Middle of mold 

 
Lh

L
m HDg

QFr
⋅⋅

= 4

2

2,                                            (3) 

• Region III: Surface of liquid in the mold 
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where LQ  is the flow rate of the water injection, nid  is the inner diameter of the 
cylindrical inlet pin, LH  is the depth of the bath and hD  is the hydraulic diameter. 
The last term is defined as six times the ratio of volume to surface area: (see 
Appendix) 
 

A
VDh ⋅= 6 .                                                       (5) 

 

 
Fig. 3 Schematic plot of different regions in a bottom water filling model 

 
The physical model was designed according to the calculations of the 

modified Froude number in the different regions. Firstly, the modified Froude 
numbers were calculated for a production sampler. It was assumed that the inlet 
velocity was 0.16 m/s by referring to a previous paper.17 Then, the geometry of 
the lollipop-shaped vessel was used to calculate the flow rate needed. In this work, 
the Froude number in Region II was considered to be important for the modeling 
of flow pattern. The calculated Froude numbers in Region II 2,mFr  from the 

experiment data in turn is 3.76×10-4. Therefore, the similarity criteria were 
applied to this region. The resulting Froude number and the flow rate for the 
physical model were 3.84 ×10-4 and 20.21 L/min, respectively. However, it 
should be pointed out that a limitation of this study was the capacity of the water 
pump, which had a upper limit of 24 L/min with respect to the flow rate. 
Moreover, flow rates other than the calculated value were also used in the 
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experiments to investigate the flow patterns for different flow rates. Thus, a 
similarity of the Froude number by using the modified Froude number in the 
physical model mmFr ,  to calculate the real velocity in the inlet pin of a steel 

sampler was applied.  
Based on the calculations of a Froude number similarity between a production 

sampler and a physical model sampler the dimensions given in Table 1 were used 
in the construction of the physical model. The vessel was made of transparent 
acrylic resin. It should be noted that due to the fact that the vessel was scaled up, 
similarities with respect to other important dimensionless numbers such as the 
Reynolds number could not be fulfilled. However, it was judged to be more 
important to consider the modified Froude number, since it allows a better 
modeling of what is actually the fluid flow in the real production sampler. The 
different flow rates used for PIV measurement are shown in Table 2. The flow 
rate which corresponds to a production sampler is marked with a bold text.  

 
Table 1. Setup of the lollipop-shaped water vessel 

Dimensions (mm) Inlet pipe diameter, dni (mm) 

Φ W 

200 75 
26 

 

Table 2. Experimental flow rates, the Froude Number  
and the corresponding flow rates for a real case 

Trials 
Flow rates in water 

vessel [L/min] 

Froude 

Number 

Flow rates in real 

sampler [L/min] 

Corresponding velocity 

in real sampler [m/s]  

1 6.14 3.549E-05 0.0833 0.0491 

2 8.29 6.469E-05 0.1125 0.0663 

3 10.37 1.012E-04 0.1407 0.0829 

4 12.32 1.429E-04 0.1672 0.0985 

5 14.24 1.909E-04 0.1932 0.1139 

6 16.31 2.504E-04 0.2213 0.1304 

7 18.27 3.142E-04 0.2479 0.1461 

8 20.21 3.845E-04 0.2742 0.1616 
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9 22.14 4.614E-04 0.3004 0.1771 

10 23.87 5.364E-04 0.3239 0.1909 

 

2.2 Measurements of Flow Fields  

Measurements of flow fields were carried out by using a Twins Ultra PIV 
system. This system uses a Charge-Coupled Device (CCD) MEFAPLUS Camera 
with a speed of 30 fps to capture the flow containing small particles on a selected 
plane. When the plane is illuminated by two short duration laser flashes, a double 
exposure of flow field is captured though the CCD camera to the computer. Then 
flow fields can be calculated by comparing the two photos through a PIV 
software. In this work, the middle plane of the vessel is illuminated by the laser 
flash at the right. The CCD camera is set in the front of the vessel, so that the 
front view of the flow patterns has been obtained. A schematic plot of the whole 
measurement system is shown in Figure 4.  

 

 

 
Fig. 4 Schematic plot of PIV system and experiment setup 
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3. Mathematical Modeling 

The geometry employed (shown in Figure 2) aims at modeling the most 
frequently used lollipop-shaped production sampler in the steel industries. A 
mathematical model for describing the filling of a lollipop-shaped water vessel 
was developed. Here, a three-dimensional geometry was used for a general study 
of the filling process.  

3.1 Numerical Assumptions 

The following assumptions were made when developing the mathematical 
model: 
i.  Both air and water are incompressible Newtonian fluids; 

ii. The density and laminar viscosity of both water and air are constant; 
iii. No chemical reactions take place; 
iv. The turbulent flow is an isothermal flow. 

3.2 Numerical Methods 

The governing equations for the transportation and turbulence expressed in 
Cartesian coordinates are as follows: 
 
3.2.1 Transport Equations  

1. Continuity Equation: 
 

0)( =⋅∇+
∂
∂ vρρ

t
                                                      (6) 

 
Since a constant density and an incompressible fluid are assumed, equation (6) 

can be reformed into the following equation: 
 

0)( =⋅∇ v                                                           (7) 
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where )( v⋅∇  is the divergence of a velocity vector.18 
2. Momentum Equation 
The momentum equation for solving the motion of flow can be expressed as: 
 

( ) ( ) gτvvv ρ+⋅∇−∇−−∇=
∂
∂ pρρ
t

                                   (8) 

 
where p∇  is the gradient of the scalar pressure p, gρ is the gradational force 
exerting on the fluid only in the Y direction. The parameter τ  is the viscous stress 
tensor, and can be expressed as follows: 
 

( ) ( )( )δvvvτ ⋅∇−+∇+∇−= κμμ 3
2T                                      (9) 

 
where ( )Tv∇  is the transpose of the velocity gradient tensor. The second term on 
the right hand side of equation (9) is zero due to the constant density and an 
incompressible fluid assumed in equation (7). Then the momentum equation can 
be rewritten as: 
 

( ) ( ) ( )[ ] gvvvvv ρμ +−∇+∇⋅∇+−∇=
∂
∂ ρpρ
t

T                         (10) 

 

3.2.2 Turbulence Models 

As mentioned above, the realizable k-ε turbulent model has been widely used 
in the steel industry to predict the flow fields. However, in the Reynolds-
Averaged Navier-Stokes (RANS) models family, the Wilcox k-ω turbulent model 
equations do not contain terms which are undefined at the wall and it incorporates 
modifications for low-Reynolds-number effects, compressibility, and shear flow 
spreading. It also predicts free shear flow spreading rates that are in close 
agreement with measurements for plane, round, and radial jets, and is therefore 
applicable to wall-bounded flows and free shear flows. 19 

In order to determine which turbulent model that describes the flow fields 
inside the sampler best during the filling, the two different turbulence models 
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mentioned above were employed. A mathematical description of each model is 
given below.  
i. Realizable k-ε model 

The realizable k-ε model uses the following two transport equations for the 
turbulent kinetic energy k and turbulent dispassion rate ε: 

 
( ) ( ) ρεμ

σ
μμρρ

−⋅+⎥
⎦

⎤
⎢
⎣

⎡
∇⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅∇=⋅∇+

∂
∂

ijijt
k

t SSkk
t
k 2u                          (11) 

( ) ( )
υε

ερερε
σ
μμρερε

ε +
−⋅+⎥

⎦

⎤
⎢
⎣

⎡
∇⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅∇=⋅∇+

∂
∂

k
CSSC

t ijij
t

2

21 2u            (12) 

 
where tμ  is the turbulent viscosity, which can be defined as: 

ε
ρμ μ

2kCt =                                                    (13) 

1C is a value defined as: 19 

⎥
⎦

⎤
⎢
⎣

⎡
+

=
5

 ,43.0max1 η
ηC                                           (14) 

where  

ε
η kSS ijij ⋅= 2                                                 (15) 

and 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

+
∂
∂

=
j

i

i

j
ij x

u
x
u

S
2
1 .                                           (16) 

 
The parameter υ  is the kinematic viscosity, which can be defined as: 
 

ρ
μυ = .                                                         (17) 

 
Some other empirical constant of this turbulent model are given in Table 3. 19  
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Table 3 Constants for the realizable k-ε model 

2C  μC  kσ  εσ  

1.9 0.09 1.0 1.2 

  
 
ii. Wilcox k-ω model 

The Wilcox k-ω model also uses two transport equations for the turbulent 
kinetic energy k and the turbulence frequency or the specific dissipation rate ω: 
 

( ) ( ) ωρβδρμ
σ
μμρρ k

x
ukSSkk

t
k

ij
j

i
ijijt

k

t ∗−⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

−⋅+⎥
⎦

⎤
⎢
⎣

⎡
∇⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅∇=⋅∇+

∂
∂

3
22u             (18) 

and  
( ) ( ) 2

11 3
22 ρωβδρωργω

σ
μμρωρω

ω

−⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

−⋅+⎥
⎦

⎤
⎢
⎣

⎡
∇⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⋅∇=⋅∇+

∂
∂

ij
j

i
ijij

t

x
uSS

t
u            (19) 

where the turbulence frequency can be expressed as: 
 

k
εω = .                                                          (20) 

 
The constants used in these two equations are given in Table 4.20 

 
Table 4 Constants for the Wilcox k-ω model 

1γ  1β  ∗β  kσ  ωσ  

0.553 0.075 0.09 2.0 2.0 

 

3.3 Boundary Conditions 

The computational domain is plotted in Figure 5. Due to the symmetry 
property of the sampler vessel employed, only a quarter of the computational 
domain was used.  
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Fig. 5 Schematic plot of the computational domain (left: front view; right: top view) 
 

3.3.1 Inlet Boundary 

At the inlet boundary, (shown in Figure 5) several different values of the y-
component velocity boundary were used. The boundary conditions at the inlet are 
summarized as follows: 

a) Velocity: uy = constant; 
b) Turbulent intensity:  I = 0.16Re-0.125, where Re is the Reynolds number; 
c) Hydraulic diameter: Dh = 0.026 m. 

3.3.2 Outlet Boundary 

A pressure outlet boundary was employed for the gas phase. In addition, a 
value of zero Pa was set for the gauge pressure.  
3.3.3 Walls 

The wall boundary conditions at the stationary wall were set to “no slip”.  

3.4 Properties of Materials  

Water was employed for this simulation as a secondary phase. Air was set to a 
primary phase. Water and air had the constant material properties as seen in the 
following Table 5: 8 
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Table 5 Modeling constants for materials property  
 Air Water Wall 

Density ρ [kg·m-3] 1.225 998.2 - 
Viscosity μ [Pa·s] 1.78948×10-5 1.003×10-3 - 

Surface Tension σ [N·m-1] - - 0.073 
Wall Contact Angle θ [°] - - 90 

 

3.5 Methods of Solution  

The commercial CFD software FLUENT® 6.3.26 was used to solve the 
governing equations and boundary conditions. The geometry of the entire sampler 
including the mesh was created by GAMBIT® 2.4.6, a preprocessor of the 
software’s solver. One fourth of the geometry was generated because of its 
symmetry property. The total number of cells was 226 768. These were all 
hexahedral elements and were generated using a ‘Map’ type. A typical calculation 
took about 2 days by using a computer equipped with an Intel Core 2 Due E6850 
3.0 GHz, 1333 MHz FSB CPU and 3.0 GB DDR-II RAM under a Windows 32 
bit OS. 

The volume of fluid (VOF) scheme was employed to predict the air/water 
interface. The PRESTO discretization method was used for solving the pressure. 
Furthermore, the second order upwind discretization schemes were applied for 
calculating the momentum, velocity, turbulence kinetic energy (k) and its rate of 
dissipation (ε) in the k-ε model as well as the specific dissipation rate (ω) in the 
Wilcox k-ω model. Based on initial simulations, the residual of the convergence 
criterion of the continuity, velocity, turbulence kinetic energy and specific 
dissipation rate were all set to 10-4.  
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4. Results 

Both experimental results obtained by PIV measurement and the mathematical 
simulation results are shown. The experimental measurements are used to verify 
the calculated results when using the two different turbulent models.  

4.1 Results of PIV Measurements 

Figure 6 shows the mean velocity distributions in the middle of a lollipop-
shaped vessel at different filling times for an average flow rate of 20.21 L/min. 
The nozzle which connects the cylindrical inlet pin is located at the bottom center 
of the circular body. As can be seen from the plots, the flow in the middle of the 
vessel is directed upwards due to the strong injection from the pin-part of the 
vessel. In addition, two vortexes are created on each side of the vertical flow. 
Moreover, these two vortexes are the two completely separated vortexes with the 
ends at the surface wall in the front and back of the vessel. (Due to the three-
dimensional turbulent eddy motion, it could be observed from an isotropic view.) 
The formation of vortexes is caused by the strong circulation created after the 
injected flow has reached the liquid/gas surface and thereafter is directed towards 
the circular wall of the vessel. The velocity distribution beneath the two vortexes 
shows clearly that water flows horizontally toward the middle vertical velocity 
flow region to complete the circulations (Figure 6a & 6b). As the vessel is being 
filled, the bath depth increases. Then, the centers of vortexes will also shift from 
their original position. Moreover, the size of the vortexes is changed so 
significantly that more than half of the flow field makes up the circulation region.   
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a. 4.37s                               b. 4.60s 

  
c. 4.83s                                    d. 5.29s 

Fig. 6 Mean velocity distribution in the middle plane of a lollipop-shaped vessel 
(Flow rate: LQ  = 20.21 L/min) 

 
Figure 7 depicts the flow pattern in the middle of the lollipop-shaped vessel 

at different filling times for a mean flow rate of 8.29 L/min. A comparison with 
the data presented in Figure 6 shows that the filling flow rate is more than 50% 
smaller. This is realistic since the mean flow rate was decreased from 20.21 
L/min to 8.29 L/min.  

Based on the data presented in Figure 7 and data from other experiments, 
some characteristic flow field regions can be identified. Specifically, the 
following three regions were identified: vortexes, the vertical flow field and the 
horizontal flow field, as shown in the sketch in Figure 8. However, in the early 
stage of filling, circulations are formed near the bath surface. This is caused by 
the injection flow through the nozzle and also a small cross section area in the 
lower region of the sampler. As a result, a small hump is formed at the initial 
filling, but it is quickly immersed into the rising free surface. This observation is 
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different from what was seen in the flow pattern shown in Figure 6, which shows 
a high velocity field in the top of the vertical flow pattern due to the high flow 
rate. Centers of vortexes also shift from the region near the surface to a deeper 
region.  

 

   
                         a. 6.05s                                  b. 7.22s                                 c. 8.19s    

   
                          d. 9.56s                              e. 11.51s                                 f. 13.46s 

Fig. 7 Mean velocity distribution in the middle plane of a lollipop-shaped vessel 

(Flow rate: LQ  = 8.29 L/min) 

 

       
a                                                       b 

Fig. 8 Schematic plot of flow pattern inside the lollipop-shaped vessel of initial filling (a),  
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and finishing (b). 
(Region I: Vortex; Region II: Vertical flow field; Region III: Horizontal flow field) 

 
Figure 9 shows the relationship between the ratios of the height of the vortex 

center to the height of free surface at different flow rates. The data are obtained at 
the end of each filling process. As can be seen from the plot, a trend is that the 
ratio decreases with an increased flow rate. This means that the vortex center will 
expand into Region III (see Figure 8) with an increased flow rate. This is because 
at the end of each filling process, the free surface area will decrease due to the 
increasing height of free surface (above the center of the water vessel). Also, a 
higher flow rate can assist to stimulate the rising height of free surface. Moreover, 
the free surface and circulations can be stabilized by a larger free surface area as 
shown in Figure 8a. A larger area in the flow is preferred by the vortex 
recirculation if the free surface area is small. Thus, the center of vortex is 
switched into a larger area in Region III. 

 

 
Fig. 9 Ratio of height of vortex center to the height of free surface at different flow rates  

4.2 Mathematical Simulation Results and Comparisons  

Figure 10 shows the contours of volume fraction of water on a middle plane 
of the computational domain at different filling times when using the two 
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different turbulence models. As can be seen from the plots, very distinct flow 
pattern are obtained by employing the two different models. Clearly, the 
realizable k-ε model shown in Figure 10a can keep providing a very smooth 
boundary between the gas/liquid interfaces during the filling process, but it may 
not represent a real case. A more realistic flow pattern on the free surface may be 
reflected by a Wilcox k-ω model as shown in Figure 10b. The flow on the free 
surface is fluctuating. In addition the incoming flow from the inlet pin to the 
sampler body creates a hump on the free surface. It may be a more realistic flow 
pattern than the realizable k-ε model. However, it demonstrates a free surface 
without any fluctuations. In addition, no air is entrapped into the filling water in 
the realizable k-ε model; but some entrapped air can be found in the Wilcox k-ω 
model simulations.  
 

 
     0.52630s                      1.0070s                      3.1439s                      5.0815s 

a. realizable k-ε model 

 
     0.53387s                      1.0361s                      3.2378s                      5.0815s 

b. Wilcox k-ω model 
 

Fig. 10 Contours of volume fraction of water at different filling times by different models, flow 
rate Q = 20.21L/min 

Velocity profiles obtained by the experimental PIV results and the two 
turbulent models’ calculation results at different heights above the inlet pin of the 
sampler are compared and shown in Figure 11. In this case, the mean flow rate is 
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8.29 L/min. It can be seen that the flow has a higher velocity magnitude at the 
middle of sampler right above the inlet pin. This is due to a strong impact of flow 
directly released from the inlet pin entering the main sampler body. After 
reaching a certain height, the impact flow will collapse down to flow aside to the 
wall. Therefore, the velocity of flow beside the middle vertical flow has a relative 
small magnitude. Different turbulent models calculated show different flow 
patterns. Both the realizable k-ε and Wilcox k-ω model show a very smooth 
velocity field pattern. More specifically, both calculation results show very calm 
flow patterns at the same height level. No fluctuation velocity field was found. 
However, a rapid velocity increase is observed near the wall in the Wilcox k-ω 
model results. This may be due to the k-ω model integration to the wall does not 
require wall-damping functions in low Reynolds number applications. The 
turbulence kinetic energy k at the wall is set to zero. The frequency ω tends to 
infinity at the wall, but it can be specified a very large value at the wall. 20 As can 
be seen from the plots in Figure 11, there is a very good agreement between the 
experimental result and calculated result by using the Wilcox k-ω model. 
Moreover, the mean deviation of the calculated result from the measurement is 
within 30% or even within 10% in some part of regions.  

The plots of velocity vectors for the two different calculation models and for 
PIV measurements at different filling times are shown in Figure 12. It can 
quickly be identified that the Wilcox k-ω model has a very similar flow pattern as 
those from the PIV results. More specifically, the very important locations of 
velocity vortex centers calculated by the Wilcox k-ω model shows a very good 
agreement with the PIV results. This is due to that in both cases the vortexes can 
be found just beneath the free surface. Both results also indicate that the vortex 
centers are near the free surface beside the vertical flow region. Moreover, the 
flow field beneath the vortex region also shows a similarity with respect to both 
the calculated and measured results. More specifically, it consists of a horizontal 
flow field flowing towards to the middle of the main sampler body. However, the 
realizable k-ε model shows limited similarity to the velocity field compared to the 
PIV results. As can be seen from plots, it also predicts vortexes. However, it 
overestimates the flow pattern beneath the free surface. As a result, the size of 
vortexes and their center positions are quite distinct from the PIV results. More 
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specially, the vortex region occupies almost the entire domain except the vertical 
flow region in the middle of sampler body. Furthermore, their centers are located 
symmetrically in the center of the height of free surface. On the other hand, it also 
underestimates the fluctuation on the free surface, which has been found without 
any fluctuations. Overall, the realizable k-ε model has a difficulty to simulate the 
flow field during this filling process. Although, some deviation of velocity 
magnitude shown in Figure 11, the flow field predicted by the Wilcox k-ω model 
have a very good agreement with the results obtained by PIV measurements.  
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Fig. 11 Experimental and calculated velocity magnitude values in the middle plane of the 

sampler 

(where Q = 8.29 L/min. a. H = 9.8 cm; b. H = 8.9 cm; c. H = 8.0 cm) 

 

  
a. t = 6.05s 
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b. t = 8.19s 

   
c. t = 9.56s 

                        rk-ε                                              k-ω                                         PIV 
Fig. 12 Schematic plots of velocity vectors and comparison between calculation and PIV 

results (Q = 8.29 L/min) 

 
Figure 13 depicts the relation between the ratios of the height of vortex center 

to the height of free surface at different filling times. The calculation results are 
obtained by the Wilcox k-ω model. As can be read from the plot, the ratio will 
increase with an increased time during the initial filling process. All the curves 
show a rapid increase with time at a short period of time. For all the three 
different flow rates employed, all ratios fall into a range of between 0.5 and 0.9 
for all filling times. However, after the initial filling period of about three seconds, 
it is interesting to notice that the ratio begin to decrease for a very short period 
and thereafter increase shortly again. This trend is apparently seen from the high 
flow rate curve. It is also retains the trend on the curve of a low flow rate, but the 
ratio will decrease till the end of filling. The physical meaning of the height ratio 
between the vortex center and the free surface is that the location of vortex will 
change during the whole filling period. The oscillation of vortex position 
indicates that the flow field can not be kept stable during the sampler filling 
process. More specifically, a smaller oscillation provided by the relatively lower 
flow rate can lead to a relatively calm and stable flow; a big oscillation of vortex 
positions due to relatively higher flow rate will result in a very chaotic and 
disordered flow pattern.   
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Fig. 13 Ratio of height of vortex center to the height of free surface at different filling times 

 
Extensive studies of the flow pattern in the sampler mold have been carried 

out by the Wilcox k-ω turbulence model. The development of vortexes by the 
Wilcox k-ω turbulent model at the same height of a sampler can be illustrated in 
Figure 14 for a flow rate of 14.24 L/min. It can be seen that vortexes have been 
created near the circular wall at the initial filling stage due to the presence of a 
backflow from the circular wall and the incoming flow from the inlet pin. The 
negative effect of vortexes for the case of liquid steel sampler filling can be 
considered that inclusion particles in the liquid steel may be carried to flow into 
the vortexes which in turn will result a strong agglomeration of inclusions. This 
type of inclusion cohesion in a swirl flow has been extensively studied by 
Sonoyama et al.21 The previously formed vortexes in Figure 14a will become 
weaker. Thereafter, some other four appears near the middle of the plane shown 
in Figure 14b. The height of free surface will increase during the filling. Thus, a 
more and more stable flow field could be achieved on this specific plane due to 
the continuous increasing height. In the middle stage of the filling, shown in 
Figure 14c & 14d, the previous vortexes will be transformed into four large ones 
and being kept for some time. As can be seen, vortexes almost occupy the entire 
domain during this stage. At last, the size of large vortexes will decrease as time 
being, due to the backflow from the upper flow region. Then, the vortexes will 
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vanish during the last filling period. However, some small vortexes formation can 
still be observed near the vertical wall in the middle region. These small vortexes 
are also created due to the encountered vertical flow from the inlet pin and the 
backflow from the upper flow regions. As can be seen from Figure 14e, nearly all 
the flow from both sides are in a direction toward the center of the plane. 
 

 
           a. 2.4273s                                                         b. 3.5512s 

 
                              c. 4.7272s                                               d. 5.9103s 

 
 

     e. 6.3931s                                        f. 9s 
Fig. 14 The development of vortexes on the same plane (H = 5 cm) at different filling times 

(Q = 14.24 L/min) 

 
The contact of different velocity fields between the central vertical incoming 

injections from inlet pin and the flow of the recirculations that return back to the 
center is found to be a region with high turbulence intensity and turbulence 
kinetic energy. Contours of the turbulent intensity and turbulent kinetic energy on 
different level at different filling times (column a and b) are shown in Figure 15. 
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Due to the symmetry property, only half of the plane is plotted. The upper half is 
the contours of turbulent intensity and the lower half is the turbulent energy. As 
can be seen from the plot, the higher level has a more complex turbulent intensity 
and energy contours compared to the lower level for both the different filling 
times. This is due to the influence of a fluctuation flow on the free surface. This 
phenomenon can be verified by comparing the plots horizontally. At the same 
height level, the plot on the column b has a smaller turbulent intensity and energy 
compared to column a. Moreover, the most turbulent region concentrates at the 
center area, where two flow regions contact each other as mentioned above.  
 

 
               H = 6cm           H = 6 cm 

            
         H = 4cm         H = 4cm 
       a. t = 4.0198s      b. t = 7.1247s 

Fig. 15 Contours of the turbulent intensity (upper plot, [%]) and turbulent kinetic energy 

(lower plot, [m2·s-2]) 
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5. Discussions 

As mentioned in the introduction, the focus of this work is to study the flow 
field inside a sampler. This was done by physical modeling in Supplement I and 
mathematical modeling in Supplement II. Water was selected as the media to 
simulate steel, since it has a similar viscosity as steel. Thereby, it was possible to 
carry out fluid-flow experiments from which the most appropriate turbulence 
model could be select. The results show that vortexes or recirculation flows can 
be difficult to be observed at the very beginning of any filling processes. This is 
due to the chaotic flow which is formed due to the sudden geometry change when 
the water is transferred from the pin-part of the sampler to the body part of the 
sampler. Thus, in this stage of the filling process, the collisions and thereby the 
possible growth of inclusion particles can be large. More efforts should be paid to 
study this period, since it can influence the whole filling process as well as the 
assessment of inclusion distributions in the final sample. In addition, larger 
fluctuations on the free surface are observed as waves when applying a higher 
flow rate compared to a lower flow rate, which leads to a disturbed free surface. 
On the surface, they represent the uneven height that waved surface is higher on 
one side of the sampler vessel and lower on the other. Moreover, the flow field 
beneath could be changed due to this fluctuation on the free surface of filling 
water. 

At the initial filling process during the flow injected from the inlet pin into the 
main sampler body, very chaotic and disordered flow field can be observed. If the 
flow rate has a magnitude as high as for the plots shown in Figure 10, air is very 
possible to be entrapped into the water phase and to react with water (most likely 
also steel if a production sampler is simulated). Figure 10 clearly demonstrates 
that for the employed two different turbulence models, all the results show mixed 
phases when water just has been injected into the sampler. This could be due to 
the relatively high flow rate applied for this specific sampler size. Thus, a lower 
flow rate is preferred in order to obtain a very calm transition of water jet from 
the inlet pin to the sampler body. However, from a metallurgical point of view, 
the trapped air in liquid steel is harmful to the sample taken. Specifically, air will 
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react with elements with a high affinity to oxygen under the formation of new 
inclusions.  

A chaotic flow pattern formation in one aspect is due to the transition of shape 
differences between the cylindrical inlet pin and the lollipop-shaped vessel. 
However, from a metallurgical point of view, the geometry change will have a 
great impact on the flow pattern. The original flow field will be destroyed after 
the fluid has passed through the connection. This, in turn, will influence the 
distribution of inclusion particles due to the changing of flow field by inclusion 
collisions and coagulations. The most significant factor governing the collision 
and coagulation is the turbulence.22 The emergence of a serious turbulent flow 
field could be quite harmful for the observation of original inclusion size and 
distributions in the liquid steel. Turbulent flows would increase the chances for 
inclusion collisions. These will change the original particle size distribution 
present in the ladle. In this case the turbulence is very important to the inclusion 
growth due to turbulent flow induced collisions. Other growth mechanisms such 
as Brownian motion, laminar flow and buoyancy differences are most likely less 
important. The collision volume ijW  [m3·s-1] is expressed as follows: 

( )
liq

jiij rrW
ν
εαπ 35.03.1 +=                                             (21) 

where α is the collision efficiency, ε is the turbulent dissipation [m2·s-3] and νliq is 
the kinematic viscosity of the liquid [m2·s-1].  

Due to the high turbulence intensity in some parts of the sampler mold, 
especially at the boundary of vertical flow region above the inlet pin, inclusion 
particles with sufficient concentration got an opportunity to come into contact 
with each other and coalesce to form larger sized particles by turbulence. Thus, 
the concentrations of smaller sized inclusions will be decrease in the sampler 
mold while concentrations of bigger sized ones are increased. Therefore, an 
inclusion particles’ size distribution obtained by the steel sample does not 
conform to the real particle size distribution in the steel ladles. For example, Huet 
et al.23 found a higher concentration of larger inclusions in the upper part of the 
sampler body than in the lower part. 

It should be noted that although a laminar flow is favorable for the sampler 
filling and predicting the inclusion particles’ sizes and distributions in ladles, it is 
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very difficult to obtain a laminar flow and very calm flow pattern for samplers. 
The first possible way is to control the flow in the inlet pin of a sampler by means 
of employing a smaller velocity at the inlet. However, a too small velocity at the 
inlet is impossible under production conditions due to the risk of solidification of 
steel in the narrow inlet pin. This, in turn, will block the incoming flow of liquid 
steel. Overall, the current study should be considered as a first important step in 
obtaining an increased knowledge. However, the current mathematical simulation 
of filling of water into a lollipop-shaped sampler must be extended to the 
simulations of filling of steel in a real production sampler in order to get a more 
complete knowledge regarding sampler filling.  
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6. Conclusions 

In this work, the flow fields inside a lollipop-shaped water sampler during its 
filling process were investigated using physical and mathematical modeling. The 
aim of this study was to obtain an in-depth understanding of the flow pattern in 
side the sampler during filling. The physical modeling and mathematical 
modeling are described in detail in Supplement I and II, respectively.   

The most important specific conclusions from the physical modeling of the 
sampler filling process are summarized as follows: 

1. Due to the geometries change and high flow rates, the flow is very chaotic 
at the initial filling stage; 

2. Vortexes are formed in the vessel during the filling and the height of the 
vortex center varies with different filling conditions; 

3. Flow patterns in the middle of the lollipop-shaped vessel can be 
characterized into three distinct flow regions: the upper vortexes region, 
the lower horizontal flow region and the middle nozzle flow region; 

4. A smaller inlet velocity is desirable for a control of the flow pattern inside 
the sampler to keep a calm and undisturbed filling. However, the inlet 
velocity cannot be too small, because a limitation is that the pre-solidified 
steel may block the path of incoming flow, resulting in an unfinished 
filling.  

 
Mathematical simulations have been carried out by two different turbulent 

models: realizable k-ε model and Wilcox k-ω model. Different flow rates were 
also been simulated. The predictions have been compared to the results obtained 
by the PIV measurements to verify the mathematical model simulations. The 
most important conclusions from this study can be summarized as: 

1. At initial filling periods, both the two turbulence models can predict a very 
chaotic and disordered flow pattern due to the sudden geometry change; 

2. For the flow field calculation, the Wilcox k-ω model provides the best 
predictions in comparison to the results obtained by the PIV experimental 
measurements. More specifically, the predicted vortex sizes and center 
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positions match with the physical measurements. Also, the vertical flow 
region in the middle of sampler above the inlet pin and the flow region 
beneath the vortexes both coincide with the PIV measurements. So this 
model has the best agreement with the PIV results compared with the other 
one; 

3. The results obtained by the realizable k-ε model have been found to largely 
deviate to the PIV measurements. More specifically, too big vortex sizes 
were observed when using the realizable k-ε model. In addition, it also 
underestimates the disordered flow and fluctuations on the free surface; 

4. The predictions show that air can be entrapped into water during the initial 
filling stage. This is due to the high flow rate used during the process. A 
low flow rate is preferred to obtain a smooth filling to avoid trapping air. In 
addition, it is also desired for a control of flow pattern in the sampler to 
keep a calm and undisturbed filling. 

 
Overall, it has been sufficiently demonstrated that the Wilcox k-ω turbulence 

model predictions show a fairly good agreement with the PIV measurements. 
More specifically, it has an advantage over the realizable k-ε model in predicting 
the flow pattern inside this specific lollipop-shaped sampler. Therefore, this 
turbulence model can be employed to the liquid steel simulation in a real 
production sampler used in steel industries. It can be helpful in predicting the 
flow pattern inside the real sampler, especially the vortexes formations.  
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7. Future Work 

Based on the present studies, simulations of using the molten steel to fill the 
real production sampler employed in industries at a steelmaking temperature will 
be applied. The following details will be considered and used in the simulations: 

 
1. The Wilcox k-ω turbulence model will be applied to simulate the flow of 

molten steel; 
2. Heat transfer and solidification during the filling process will be considered; 
3. Optimize an accurate boundary conditions under the steelmaking 

temperature conditions; 
4. The inclusion size distributions will be considered. 
 
More specifically, the tendency of inclusion growth, especially due to 

turbulence, need to be studied for different filling conditions. In addition, the 
transports of inclusions during filling of the sampler as well as the solidification 
of the sampler are of importance to study. This is to determine how the inclusion 
distribution is in different part of the sampler.  
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Appendix  

It is well known that the hydraulic diameter for a two-dimensional (2D) case, 
for example, consider a circular with a diameter of D, the expression for its area 
A and peripheral length P are as follows: 

2

4
DA π

=                                                         (22) 

DP π= .                                                          (23) 
The ratio between equation (22) and (23) is: 

              
4
D

P
A
= .                                                          (24) 

Thus, the hydraulic diameter for a 2D case can be expressed as: 

P
ADh 4= .                                                        (25) 

Applying the same theory, for a three-dimensional (3D) case, we consider a 
spheroid with a diameter of D. The volume V and total surface area S can be 
expressed as: 

3

6
DV π

=                                                        (26) 

and 
2DS π= .                                                        (27) 

The ratio between equation (26) and (27) yields: 

6
D

S
V
=                                                            (28) 

Thus, the hydraulic diameter for a 3D case can be expressed as: 

  
S
VDh 6=                                                            (5) 
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